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Abstract 
Nanomaterials such as nanofilaments and nanoparticles of barium chromate, barium 
sulfate and Prussian blue have been synthesized by using AOT [bis(2-ethylhexyl) 
sulfosuccinate] microemulsions as templates. Nanoparticles with cubic, prismatic, 
spherical, hollow-shell morphologies have been organized into higher ordered chain 
structures, superlattices, or disordered aggregates by self-assembly processes involving 
hydrophobic interactions, biotin-streptavidin bioconnectors or organic-inorganic thin 
films. The nanoparticles and their aggregates have been characterized by TEM, SAED, 
EDXA, SEM, XRD, SAXS, DLS, TGA, FTIR, UV-VIS, MS, SDS-PAGE. 
Synthesis of barium chromate and barium sulfate nanocrystals in the presence of anionic 
surfactant AOT water-in-oil reverse micelles or microemulsion droplets at w-5 -- 20 was 
undertaken. The morphology of barium chromate and barium sulfate nanoparticles was 
controlled by changing the [Ba2+]: [SO42 ] or [Ba2']: [Cr042"] molar ratio in the AOT 
microreactors. Prismatic nanocrystals and self-assembled linear chains and rectangular 
superlattices were formed specifically at molar equivalence. Under identical conditions, 
but with an excess of Bat , high aspect ratio filaments were formed; with a molar excess 
of S042- or CrO42-, spherical colloidal nanocrystals were observed. The size of the 
prismatic nanoparticles was controlled by the water content of the AOT reverse 
microemulsions. The chains and superlattices consisted of ordered arrays of prismatic 
BaCrO4 and BaSO4 nanoparticles held together by the interdigitation of surfactant 
molecules on specific crystal faces. 
Synthesis in AOT reverse microemulsions was also applied to the molecular-based 
magnet Prussian blue. Hydrophobic cubic nanoparticles with narrow size distributions 
were obtained and the nanoparticles self-assembled into a well defined square 
superlattice. The size of Prussian blue nanoparticles increased with increasing w value 
from 10 to 20, and with decreasing concentration of reactant inside the microemulsion 
droplets. 
Mixing two functionalised micellar surfactants of barium bis(2-cthylhcxyl) sulfosuccinate 
Ba(AOT)2 and hexadecyltrimethyl ammonium sulphate (CTA)2S04 with opposite charge 
and curvature at molar ratio of Ba(AOT)2/(CTA)2SO4 = 1: 1-1: 4 produced hollow 
spherical nanoshells of BaSO4 via asymmetric interfacial delivery. The nanoshclls were 
9.6 nm in size with a 3.4 nm diameter hollow centre and 3.1 nm thick wall. 
The well-known specific binding of streptavidin to biotin was exploited in the reversible 
assembly of disordered networks of inorganic nanoparticics. The iron storage protein 
ferritin was modified by biotin (sodium sulfosuccinimidyl-6-biotin: amido ltexanoate) 
ligands and then aggregated by streptavidin to produce iron oxide nanoparticle networks. 
The rate and degree of molecular cross-linking were dependent on the molar ratio of 
ferritin to streptavidin and the best results were obtained at a molar ratio of 1: 6. 
Organic-inorganic thin films were prepared at a substrate surface by self-assembly of 
AOT surfactant molecules in combination with the inorganic compound uranyl acetate 
[UO2(CII3000)3). The U02-AOT thin films formed as regular patterns on the substrates, 
which can be used for the organization of inorganic nanomaterials. 
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1.1 Controlled synthesis of nanoparticles in microemulsions 
Synthesis of nanoparticics is a new emerging field in solid state chemistry. 11.21 
Due to their small size, these crystallites exhibit unique catalytic bchaviour131 and 
show size quantization effects, 141 nonlinear properties151 and unusual 
luminescence. 161 Synthesis of ultrafine particles using reactions in microcmulsions 
was first reported by IIoutonnet a al. in 1982 when they obtained monodisperscd 
metal particles (in the size range 3-5 nm) of Pt, Pd, Rh and Ir by reducing 
corresponding salts in water pools of water-in-oil microemulsions with hydrazine 
or hydrogen gas. t71 Since then, a large number of nanosize materials have been 
synthesized by using microcmulsions, such as silica, 1891 silvcr, 110'121 copper, 113-171 
copper sulfde, t18''91 silver sulfide, 12°'22I barium sulfate, 1211 cobalt, 1241 silver 
chloride, 1251 semiconductor clusters Cdi. yMnrS1261 and CdyZni. YS, 
1271 platinum, 128" 
301 gold 1311 calcium sulfate. 1321 Many examples of 
semiconductors, ( 19.33.34.351 magnetic, 136) or metallic particles1371 were synthesized in 
AOT reverse micelles or microcmulsions. 
AOT water-in-oil reverse micelles or microemulsions play an important role in 
the synthesis of nanoscalc materials. One way to perform reduction or 
(co)precipitation reactions is by mixing two microcmulsions of the same 
composition but with a different dispersed phase, for example one containing a 
metal salt and the other containing a reactant agent in the water pools of the 
microemulsion droplets. Metal ions can be introduced to the microcmulsion via 
2 
the aqueous phasc or as surfactant countcrions in the case of anionic surfactants; 
for cxamplc copper bis(2"cthyl-hcxyl)sulfosuccinatc (Cu(AOT)2) can be used as a 
surfactant for copper incorporation. 
Preparation of ultrafinc AgCI particles has been rcportcd using AOT/alkanc 
microemulsions as microreactors. 1381 Mixing of the microemulsions containing 
AgNO3 and NaCl led to the precipitation of AgCI and the progress of the reaction 
was monitored by stopped-flow spectrophotomctry using K2Cr04 as an indicator. 
Photometric measurements showed that the formation of AgCI was complete 
within 60 minutes. An increase in the alkane chain length stabilized the 
microparticulatc dispersion and decreased the growth rate. 
An interesting development in this f eld was the use of a supcrcritical reverse 
miccilar system for producing Al(OH)3 particles. 1391 The advantage of using this 
system arises from the large increase of water solubilization with applied pressure 
by the microcmulsion, AOT/A1(NOj)3 undcr supcrcritical conditions at 110 °C 
and 200 bar pressure. Precipitation was initiated by injecting dry ammonia gas 
into the rcaction chambcr. Dcpcnding on the conccntration of A1(NOj)3, particles 
with a mean sizc bctwccn 100 and 500 nm could be prcparcd. The particle size 
was found to be considerably larger than the miccilar diameter. This has been 
attributed to particle coalescence of precipitated nuclei due to rapid exchange of 
the electrolytes in the miccllar core. 
3 
Lianos and Thomas1331 have studicd the formation of colloidal CdS in a watcr-in- 
oil microcmulsion containing AOT, hcxanc and watcr. The sizc of the CdS 
particles was found to increase with iv (the molar ratio of water to surfactant) in 
the range of 5 to 32 nm at constant Cd2+ concentration. An increase in Cd2' 
concentration led to a decrease in particle size. This result was interpreted 1401 in 
terms of enhanced nucleation and less secondary growth at high salt 
concentration. However, Motte et al. '411 have observed that when Na-Cd AOT 
reverse micelles were used, increases in the water pool concentration and amount 
of Cd 2+ ions induced an increase in the size and polydispcrsity of CdS particles. 
The formation of CdS and ZnS nanoparticics in AOT reverse micelles was 
followed by UV spcctrophotomctry. 1421 Particle formation by nucleation and 
growth was complctc within 0.02s followed by particle coagulation. In the 
beginning the rate of particle coagulation was dependent on the intennicellar 
exchange rate. However, when the particle diameter approached the H2O core 
diametcr, coagulation depended on miccilar size. 
Kitahara and his group wcrc the first to use surfactant"containing organic media to 
producc and dispcrsc magnetic particles. Initially thcy attempted to prcparc a 
stabic colloidal solution of magnetic oxidc and other particles in cyclohcxanc 
using AOT as surfactant. t43' 1 They suggested that the dispersion stability of the 
solid particles in colloidal media was due to adsorption of AOT molecules on the 
particles. Later on they used water-in-oil microcmulsions 
4 
(AOT/cyclohcxanc/FcCl3) as a medium for the preparation of colloidal 
magnctite. 1451 The preparation was accomplished by mixing the above system 
with N1140H or bubbling in NH3 gas; FeCl2 was added to achieve the desired 
Fc(II)/Fc(II1) ratio. The size distribution of the colloidal suspension (measured by 
electron microscopy) was consistent with a log-normal curve. The magnetic 
interaction between colloidal particles was found to be negligible. The authors 
explained that the size distribution function becomes log-normal due to the 
reverse miccilar droplets which form during the crystal growth of magnetite. 
Unfortunately, they did not draw any conclusion regarding the parameters 
responsible for controlling the size of the particles. 
Ultrafne nanoparticlcs of cobalt were prepared by borohydridc reduction of a 
cobalt salt in an AOT/isooctanc microemulsion. 1461 The particles were found to be 
extremely small and super-paramagnetic; the particle sizes calculated were -5.4 
A. Pilcni et al. 147'481 have shown that metallic copper particles can be synthesised 
in AOT microcmulsions where the particles are cithcr surrounded or not 
surrounded by an oxide layer. 
Silica nanoparticlcs havc bccn prcparcd in AOT/dccanc/ammonium hydroxidc 
microcmulsions via base catalysed hydrolysis of tctracthoxysilanc. 1°91 More 
monodispcrsc particles were formed on addition of bcnzyl alcohol, an additive 
known to act as a cosurfactant. The size distribution has been attributed to the 
inhibition of nucication by fast rcarrangcmcnt of hydrolyscd tctracthoxysilanc. 
5 
Ultrafinc SiO2 particles were also prcparcd in watcr/AOT/isooctanc 
microcmulsions by hydrolysis of tctracthoxysilanc. 1SO1 The proccsscs of drying 
and calcination were found to influence the purity of the final product. The 
particles had an increased number of microporcs in them compared with powders 
prepared by other methods. 
Fc304 nanoparticles were also prepared using water/AOT/cyclohcxane 
microcmulsions. i511 Nanosizc TiO2 semiconductor particles have been prepared in 
AOT reverse microemulsions by hydrolysis of titanium tctrabutoxidc. 1521 The 
particle formation process was followed by changes in the UV-vis absorption 
spectra. A mechanism for formation of titanium dioxide ultraf nc particles based 
on the number of micelles was proposed. 
Nanosize silver crystallites have been synthcsiscd in AOT rcvcrsc micciIcs. (11) 
The study described the dependence of various parameters such as miccilar 
structure and nature of the reducing agent or solvent, to control the nanosizc of 
the silver particles. 
Sincc Boutonnct et at successfully synthcsizcd nanoparticlcs using 
microemulsions in 1982, a large number of investigations have focused on the 
synthesis of various nanosizc materials and methods for controlling the particle 
size and quantum size cffccts. In most studies, however, the nanoparticles 
synthesized in microemulsions were approximately sphcrical. 1531 There has been 
6 
less systematic work pcrformcd on what actually controls the size, shape and 
stability of the particles formed and a valid theory is still not available. In recent 
years interest has shitted from making monodisperse nanoparticlcs of different 
materials with mostly a spherical shape to controlling particle morphology 
(anisotropic and high-axial-ratio particles), introducing crystallinity and oriented 
growthtS4 561 and ordering nanoparticles into 2D or 3D structured arrays and 
supcrlatticcs. 157 591 
Pileni and co-workers obtained cylindrical copper particles in pure 
Cu(AOT)2/isooctanc/watcr microemulsions using hydrazine as a reducing agent 
under an N2 atmosphere. A series of papcrs116'17'601 focused on the influence of the 
microstructure of the microcmulsion phase in which the reduction took place, as 
well as the shape and homogeneity of the copper particles. The cylindrical shape 
of the copper particles was attributed to the shape transition in the microcmulsions 
from spheres to cylinders with increasing water content (w). 
Further growth and aggregation of the initially formed nanoparticles results in the 
formation of higher-order structures such as BaSO4 filaments. 1241 A non-compact 
fibrc, consisting of 2-20 pm long multiplc filamcnts, and singlc highly ordcrcd 
crystalline barite filaments 1-100 pm long and 20-200 nm wide were obtained in 
AOT/isooctanc/watcr microcmulsion at w valucs bctwccn 10 and 29 by Hopwood 
in our group in 1997. All filaments formed at wa 12-29 were found to be single 
crystals and clongated prcdominantly along the (010) crystallographic axis 
7 
displaying an uniform thickncss and aspcct ratios of 1000, and in some instanccs, 
consistcd of coaligncd nanofilamcnts, 20-50 nm in width. Bascd on the cxtrcmely 
high aspect ratio, Hopwood suggest that fusion processes, which arc irrcvcrsiblc, 
unidirectional and possibly autocatalytic, arc responsiblc for the final 
morphology. A mechanism of unidirectional exchange and coalescence in 
microemulsion droplets followed by crystallization of an amorphous filamentous 
IIaSO4/surfactant phase was proposed. Similar structures for CaSO41611 and 
BaCO31621 nanowires wcrc also obtaincd. 
1.2 Organisation of nanoparticles into superlattices 
Nanoparticics and the physical and chemical functional specificity and selectivity 
they possess, naturally suggest them as ideal building blocks for two- and thrcc- 
dimensional cluster self-assembled supcrlatticc structures, in which the particles 
behave like well-defined molecular matter, arranged with long-range translational 
and even orientational ordcr. 163 Wcll-dcfincd ordered solids prcparcd from 
tailored nanocrystallinc building blocks provide new opportunities to optimize 
and enhance the properties and performance of materials. This is a new initiative 
in research on clustcr cnginccrcd matcrials. Usually external forccs arc used to 
organizc the nanoparticics, tcchniqucs such as biomolccular crosslinking, (64 1 
bacteria tcmplatcs, 1671 size sclcctcd, '31201 molecular linking, t681 colloidal 
crystallizationt25 691 have been applied to organize nanocrystals into supcrlatticcs. 
8 
Transferring DNA, protein and bacteria from the biological to the material world 
4 
is a new and exciting area. Single-strand DNA oligonuclcotidcs of defined length 
and sequence have been attached to individual nanocrystals, and these assemble 
into dimcrs and trimcrs on addition of a complementary single-stranded DNA 
template. 164,65) This method allows the controlled and reversible assembly of gold 
nanoparticles into supermolecular structures. Oligonucleotides offer several 
advantages over non-biological linker molecules. For example, discrete 
sequences of controlled length and with the appropriate surface binding 
functionality may be prcparcd in an automated fashion with a DNA synthesizer. 
In this way, the molecular recognition properties of oligonuclcotides may be used 
to trigger the colloidal seif-assembly process. The interparticle distances and 
stabilities of the supermoiccular structures generated by this method can be 
controlled through the choice of oligonuclcotide sequence and length, solvent, 
tcmpcraturc and supporting clcctrolytc concentration. 
The highly specific recognition properties of antibodies and antigens make them 
excellent candidates for ligand-induced assembly of preformed nanoparticles in 
solution. t70' This method has been applied in the aggregation of gold 
nanoparticles. 1711 The use of bacterial or protein architectures for the template- 
dircctcd asscmbly of inorganic nanoparticics has bccn rcportcd. For cxamplc, 
sclf-asscmblcd bacterial S-layer was used for synthesis of CdS supcrlatticcs(671 
and organization of gold nanoparticics. 1721 
9 
Sc1f organization of nanoparticics is a new route for the synthesis of supcrlatticc 
materials. Recently, spontaneous arrangement or self-assembly with 
semiconductors such as A$2S, 120'22'211 CdS1671 and CdSct731 or metallic particles 
such as Au165'66.681 or Ag110'24'741 have been reported. Most of this research was 
based on a size-selection method to self-assemble spherical nanoparticles into 
surpcrlatticcs on a solid substrate by solvent evaporation. For example, silver 
particles were extracted from AOT micelles by adding dodecanethiol. The 
application of this size-selected precipitation tcchnique narrowed the Ag particle 
size distribution from 43% to 12.5%, which favors the organization of silver 
particles in 2D and 3D supcrlatticcs. 1101 
10 
1.3 The aims of this thesis 
Based on previous research, this thesis attempted to 
9 understand what actually controls the size, shape and stability of the 
nanoparticics formed in reverse micelles or microcmulsions, 
" organize nanoparicles into 2D or 3D superlattices by (i) self-assembly in 
solution; (ii) bioconncctors; (iii) organic-inorganic thin films. 
" synthesize novel nanoscale materials by using AOT reverse micelles or 
microcmulsions as microrcactors, 
" understand the general mechanism of formation of nanofilamcnts 
synthcsizcd in microcmulsions, 
" develop new methods of synthesis of nanoparticics by using a mixture of 
anionic and cationic surfactants with oppositc aggregation curvaturc. 
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1.4 Microcmulsions 
1.4.1 General information about microcmulsions 
The ancient concept that water and oil do not mix, has undergone modification. 
Addition of a third component may either increase or decrease the mutual 
solubility of two partially miscible liquids. If the third component is a surfactant, 
it reduces the interfacial tension between the pair of immiscible liquids, enabling 
them to be dispersed between each other. Depending on the proportion of the 
components, cithcr water-in-oil (w/o) or oil-in-water (o/w) dispersions are 
produced (Figure 1-1). These microdispcrsions (called emulsions having 
diameter of 0.2 - 10 µm) arc turbid and may remain stable for a considerable 
length of time; they arc thermodynamically unstable but kinctically stable. (751 
Hoar and Schulman&76'"1 described microcmulsions for the first time. In the 
prcscncc of short chain alkanols (c. g butanol, pcntanol, hcxanol, ctc), the 
cmulsions (formcd by surfactant/watcr/oil) transform into solutions having 
particles of much smaller diameter (-10 nm) called microemulsions, which do not 
in principle rcquirc any mechanical work for their formation. Such preparations 
arc homogeneous, optically isotropic, or low viscosity and thcrmodynamically 
stable dispersions of cithcr oil-in-water or water-in-oil (Figure l-2). ''5' The short 
chain alkanols arc so callcd cosurfactants. The cosurfactants may not be always 
12 
an csscntial rcquircmcnt, for cxamplc, the surfactant Acrosol OT (AOT) may 
form microcmulsion in the abscncc of a cosurfactant. 1781 
oil 
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oil-in-water emulsion 
Particle size = 0.2 - 10 µm 
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Figure 1-2 Structural features and particle size of microemulsion. 
Depending on surfactant concentration, there are four types of aggregates: 
micelle, microemulsion, liquid crystal and gel phases. Depending on the 
proportion of water, oil and the surfactant, there are three main types of aggregate 
structures: normal structure, in which the headgroups form the external surface; 
reverse structure, in which the hydrocarbon tails form the external surface; 
bicontinuous structures, in which both the hydrocarbon tails and the headgroups 
form the internal and external surface and lamellar phases (Figure 1-3). 79' Each 
14 
type of aggregate can accommodate various amounts of polar or non-polar solvent 
and therefore they can act as microrcactors. 
normal micelle 
ý ý04k 
reverse micelle reverse microemulsion 
lamellar liquid crystal 
Figure 1-3 Normal, reverse and lamellar structures. 
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1.4.2 Reverse micelles and microemulsions 
Cerrain surfactants, dissolved in organic solvents, may form small aggregates 
called reverse micelles, which can be formed both in the presence and absence of 
solubilized water. However, if the medium is completely free of water, the 
aggregates are very small and polydisperse. The presence of water is necessary to 
form a large surfactant aggregates called reverse microemulsion or water droplets. 
Water is readily solubilied in the polar core, forming a so called `water pool', 
characterized by w, the water-surfactant molar ratio (w = [H20]/[Surfactant]). 
The water pool radius (R. ) is found to be linearly dependent on the water content. 
This can be explained by a geometrical modell801 assuming that the water droplets 
are monodisperse spheres: the volume and the surface of the sphere are 
respectively attributed to the volume of water molecules, V, and the surface 
occupied by the surfactant at the oil-water interface, E. This is supported by the 
fact that the area per surfactant molecule is constant and the all surfactant 
molecules are assumed- to participate to the interface. From this model, the 
relationship found is: 
Rw_3V 
E 
The volume of a water molecule (V., ) is about 30 A3. 
It can be deduced: 
V= N'Vpq"[H2OJ 
where N is the Avogadro number. 
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1.4.3 AOT reverse micelles and microemuisions 
More than fifty years ago, Aerosol OT [sodium Bis(2-cthylhexyl)sulfosuccinate 
or as sodium dioctyl sulfosuccinate] (AOT) was recognized as forming reverse 
micelles in hydrocarbon oils. There aggregates take up considerable amounts of 
water without using any cosurfactants. 1821 In general, microemulsions can exhibit 
different type of structures such as discrete spherical water droplets, 
interconnected bicontinuous water channels, interacting rods, etc. The simplest 
microstructure of water-AOT-oil is that of spherical water droplets of colloidal 
dimensions possessing a small degree of polydispersity. The droplet size can be 
accurately controlled by water content iv. For the NaAOT-water-isooctane 
system, the water-pool radius follows the relation: 
Rw=1.5iv (A)" II 
So as the size of the droplets increases, the concentration of discrete micelles 
decrease while the water content (w) increases. The maximum w value is -60 for 
the NaAOT-water-isooctane system. (831 The water droplet concentration [RM] is 
the ratio of the AOT concentration over the aggregation number and, at a given 
water content iv, is given by the following relation: 
[RM] a 3x 103 4, r /4N 71 Rw3 
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where N is the Avogadro number and 4,, is the polar volume fraction, that is the 
ratio of the volume of water over the total volume. 
The molecular weight of sodium AOT is 444.5 and the linear length of the 
molecule is about II A. The minimum cross-sectional area of the di-alkyl chain is 
0.6 nm2 and the area per sulphonate hcadgroup is 0.5 nm2.184'85) The AOT 
molecule has three chiral carbons: Cl adjacent to the head group, C4 and C4' 
(Figure 1-4). This implies the existence of eight optical isomers. Aggregation 
numbers of AOT typically range from 12 to 30 in apolar solvents. 121 The 
aggregation of `dry' AOT has a large dependence on the hydrocarbon solvent 
used J86) The mean aggregation numbers of AOT in isooctane is 15.121 Dijk el al. 
have measured the low-frequency permittivity of AOT/water/isooctane 
microcmulsion at the temperature range of 10° - 45°C and as a function of the 
concentration of water droplets. The results indicate that the droplet shapes are 
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Figure 1-4 Chemical structure of sodium AOT. Symbols * show three chiral 
carbons. 
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A typical phase diagram for the water, NaAOT, isooctane (2,2,4- 
trimethylpentane) system is shown in Figure 1.5. (83.881 In this system the affinity 
of the surfactant for oil is greater than the affinity for water and reverse structures 
are preferred. The essential features are (i) that the reverse miccllc and 
microemulsion region extends from the oil-rich corner, (ii) that the normal micelle 
region extends from the water-rich corner and (iii) that the liquid crystalline and 
gel region extends from the surfactant-rich comer. Where ternary phase diagrams 
differ is in the extent of the three phases and their degree of overlap. If all three 
phases overlap then a three phases region is formed. Since there are only three 
components, the maximum number of phases at any one composition is three at 
constant temperature and pressure. 
In the diagram, a large two phase region is present, consisting of the normal 
micelle phase together with either the reverse microemulsion or liquid crystalline 
phase. The tie line AB is called a critical tie line, along which all the three phase 
occur. The AOT system, with its preference for reverse structures, is an example 
of a Winsor 11 system. t89) A Winsor I system is one in which the affinity of the 
surfactant for oil is less than the affinity for water and normal structures arc 
preferred. A Winsor III system is one in which the affinity of the surfactant for 
oil is similar to the affinity for water and there is an almost equal preference for 














Figure 1-5 The ternary phase diagram for NaAOT-water-isooctane system at 
20 C. Mio: water in oil microemulsion, R. M: reverse micelle, N. M: normal 
micelle, L. C: liquid crystal. 
Changes in the nature of the counterions of the AOT reverse micelles perturb 
strongly the phase diagram of the system.? 901 It is well known that below w= 60, 
NaAOT-water-isooctane form monodispersed water spherical droplets. Above 
this water content, a lamellar system is obtained. Using bimetallic derivatives, 
such as Cu(AOT)2, Co(AOT)2, Cd(AOT)2 Ca(AOT)2, and Ba(AOT)2, the limit in 
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water solubilization drastically decreases, depending on the countcrion and never 
reaches a value up to w=8. Strong structural change was observed by increasing 
the water content. At low water content spherical droplets are observed. By 
increasing the water content, cylinder aggregates arc formed. t901 At higher water 
content a phase transition is observed with two isotropic phases, with the lower 
phase containing mainly surfactant. By using mixed bimetallic AOT and 
NaAOT, finite aggregates are obtained, but the shapes of the reverse micelles are 
considerably deformed especially at low water content, the limit of the w value 
increases and spherical droplets are formed at high water content. Figure 1-6 
shows the Ba(AOT)2-water-isooctane system phase diagram. 1791 
AOT has been used in a number of syntheses of inorganic nanosize materials such 
as silica, 191 silver, 11°1 eopper, 116'911 platinum, 1301 barium sulphate, 1241 cobalt, 1251 et al. 
The principal reason for using AOT reverse micelles and microcmulsion droplets 
in the preparation of ultrafine particles is that this method is powerful for 
controlling particle size and the corresponding size distribution, although the 






Figure 1-6 The ternary phase diagram for BaAOT2-water-isooctane system. F: 
reverse hexagonal liquid crystal phase; LI: transparent phase as being pre- or 
dilute micellar; L2: reverse micelle phase. 
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1.5 Kinetics of the formation of nanoparticles in reverse micelles and 
microcmulsions 
Microemulsions are used as microreactors because they can exchange the content 
of their water pools by a collision process. The rate of communication between 
droplets is very fast, 1921 and it is assumed that this exchange can only take place 
following an energetic collision between two droplets, forming a `transient 
droplet dimer'. [931 This process is energetically unfavourable because it implies a 
change in the curvature of the surfactant film. (931 Therefore, the rate constant of 
this process is not diffusion-controlled, and only a very small fraction of the total 
collisions (1 in 1000 for AOT surfactant films) between droplets leads to reactant 
exchange. 1921 In most cases droplet communication is the rate-determining step in 
particle formation. [941 
It is generally accepted that material exchange between droplets, which leads to 
particle formation takes place via the formation of intermediate dimeric droplet 
aggregates. Dimers, which allow free passage of the solubilised species, were 
proposed for the first time by Fletcher ct al. 1951 For AOT-stabilised water-in-oil 
microemulsions exchange of solubilisate between the water pools of the 
microemulsion droplets occurs with a second order rate constant of 106-108 
dm3mol''s'', in other words two to four orders of magnitude slower than the 
droplet encounter rate as predicted by simple diffusion theory; this indicates that 
24 
successful fusion events take place only in 0.01-1% of binary droplet 
collisions. 195.961 Collision between two droplets results in the formation of short- 
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Figure 1-7 Schematic representation of the intermicellar exchange process. 1, 
collision between reverse micelles; 2, opening of the interfacial layer. 
The intermicellar exchange process can be expressed as the sum of two equilibria: 
(i) the formation of a dimcr made of two micclles in contact; (ii) the water pool 
micellar exchange. The first equilibrium is related to the attractive interactions 
between droplets whereas the second one is associated to the interface rigidity. 
The intermicellar exchange rate constant k, x can be expressed as 
25 
k, ==Cokik2 
Where the k, and k2 are the probabilities if collision of two micelles and of the 
interface opening when two micelles are in contact, respectively. The constant Co 
includes all the other processes (in particular, the details of the kinetic processes). 
The rate constant k, is related to the intermicellar structure, and k2 is related to the 
dynamical properties of the water-surfactant-oil interface that arc related to the 
bending elastic modulus of the interface. The intermicellar exchange rate 
constant decreases with water volume fraction. This effect is linked to the 
variation of the intermicellar interaction potential. The attractive interactions 
govern the decrease of the exchange process with the increase in the number of 
droplets. The interfacial rigidity decreases with increasing water volume fraction. 
Furthermore, surfactant monolayer rigidity decreases with increasing the number 
of droplets. 
Tojo et al. 1971 have studied the kinetics of the formation of nanoparticics in 
microemulsions by Monte Carlo computer simulation. It is observed that 
nanoparticlc formation in microcmulsions occurs in three different steps 
(nucleation, growth by autocatalysis and growth by ripening), which can or 
cannot overlap depending mainly on concentration. The compartmentalization of 
the reactants induces a separation of the nucleation and growth processes, which 
can be clearly observed when the concentration of reactants is relatively high, the 
growth by ripening and growth by autocatalysis over an existing nucleus appear 
26 
on different time scales at high concentrations. On the contrary, the time scale of 
both growth processes overlap when the concentration is low. The surfactant film 
flexibility affects the kinetics of the reaction as rigid films can be associated with 
a slow interdroplet communication rate, when the interdroplet communication is 
the rate-determining step in particle formation in microcmulsions. 
27 
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The chemicals used in all experiments were analytical grade and were used 
without further purification. The lists will be given in the experimental sections 
of each chapter. 
2.2 Chemical methods 
The chemical methods will be given in the sections of each chapter; methods for 
preparation of the samples were different in each chapter. 
2.3 Physical methods 
Only general information about the physical methods used throughout the thesis is 
given in this chapter. 
2.3.1 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) analysis was performed in bright field 
mode using either a JEOL 2000 FX high-resolution electron microscope operating 
at 200 keV or a JEOL 1200 EX electron microscope operating at 120 keV. 
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Standard tungsten filaments were used. Images were recorded on KODAK 
Electron Image Film SO-163 producing very high resolution negatives and 
processed using a recommended KODAK solution. Samples for transmission 
electron microscopy (TEM) were deposited onto Formvar-coated, carbon- 
reinforced, 3 mm diameter, copper electron microscope grids. After air drying, 
the grids were washed with either pure solvent or water dependent on the samples. 
2.3.2 Selected Area Electron Diffraction (SAED) 
Selected area electron diffraction (SAED) was used to determine whether the 
materials synthesized were crystalline, polycrystalline or amorphous, and to 
identify the crystallographic system and orientation of the crystal with respect to 
the electron beam. 
The d-spacing was measured from the diffraction pattern for each spot or rings 





where X is the relativistic wavelength of the electron beam, equal to 0.0251 A at 
200 keV and 0.0334 A at 120 keV, respectively, L,, n, is the camera length in 
37 
millimetres and Dm, is the distance in millimetres between reflections on opposite 
sides of the central spot or the diameter of diffraction rings. 
2.3.3 Energy Dispersive X-ray Analysis (EDXA) 
Energy Dispersive X-ray Analysis provided a qualitative and semi-quantitative 
elemental analysis of materials being imaged on the TEM screen. Analysis was 
carried out using either a JEOL 2000FX transmission electron microscope 
equipped with a Link lithium-drifted silicon-type EDXA detector, or a JEOL 
1200EX linked with an OXFORD INSTRUMENTS-X-Ray Analysis ISIS300 
system equipped with a silicon detector and a beryllium window, allowing for 
semi-quantitative analysis of elements of atomic number greater than sodium. 
2.3.4 Scanning electron microscopy (SEM) 
SEM was carried out with a JEOL JSM 5600LV high vacuum and partial vacuum 
(10 Pa-10-4 Pa) scanning electron microscope with secondary electron detector 
based on the scintillator-photomultiplier design of Everhard and Thornicy (1960). 
Also fitted was a solid state backscattered electron detector for compositional and 
topographical information. This was operated at accelerating voltages between I 
- 30 keV. Images were stored digitally or on film. 
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Samples for SEM were mounted onto circular carbon adhesive pads attached to 
aluminum stubs. Samples were air-dried and gold-coated with an Edwards S150B 
sputter-coater or left uncoated. 
2.3.5 X-ray diffraction (XRD) 
Powder X-ray diffraction measurements were performed using a Philips PW 1710 
diffractometer with Cu Ka radiation. Scan angle (20 was over a range of 4 to 60 
degrees. X-rays were produced with a 4KW generator on a 2KW copper anode 
target tube. Two wavelengths were produced at = 1.54060 A and a2 = 1.54439 
A. The intensity of a, was twice that of a2. The interplanar d-spacings 
corresponding to each peak were calculated using the Bragg equation: 
d_ nA 
2sinO 
where n is the diffraction order (equal to 1), '% is the Cu Ka wavelength in 
A 
(equal to half of the scan angle). 
2.3.6 Small-angle X-ray scattering (SAXS) 
Small-angle X-ray scattering measurements were carried out at the Max-Planck- 
Institut of Colloids and Interfaces (Germany). The data were obtained from a 
39 
Kratky compact camera system that was equipped with a stepping motor and a 
counting tube with an impulse-height discriminator. The light source was a 
conventional X-ray tube with fixed copper target operating at 40 mA and 30 kV. 
Small-angle X-ray scattering analysis was also performed using an Enraf Nonius 
X-ray generator. 
2.3.7 Dynamic light-scattering (DLS) 
A. Dynamic light-scattering measurements were carried out at the Max-Planck- 
Institut of Colloids and Interfaces (Germany). The experiments were performed 
using either a laboratory-built goniometer with temperature control (±0.05K), an 
attached single-photon detector ALV/SO-SIPD and a multiple-tau digital 
correlator ALV5000/FAST from the company ALV in Langen/Germany. The 
light source was an INNOVA 300 argon-ion laser operated at 488.0 nm 
wavelength in single-frequency mode and powered at approximately 500 mW, or 
an ALV-5000 multiple-tau correlator (ALV-Laser GmbH, Langen) that allows for 
simultaneous dynamic (time-dependent) and static (angle-dependent) acquisition 
of light intensities. The light source was a continuous-wave frequency doubled 
Nd-YAG laser (coherent-Adlas) operating at 532 nm wavelength. 
The sample cell was temperature controlled (±0.05K) (Hellma, 
MÜllheim/Gcrmany) and charged with 1 ml of solution. The samples were 
centrifuged for 5 min at 5000 rpm before measurement and put into the 
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thermostated sample holder. The correlation functions were recorded 
immediately afterwards in periods of 120 seconds. 
B. Another series of experiments were carried out in the University of Bristol 
with a Malvern Autosizer 4700 operating at 532 nm and 9011 detector angle. 
Particle sizes were reported in diameter contribution. Prior to measurement all 
samples were filtered through a 0.2 µm membrane. 
2.3.8 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis was performed with Simultaneous Thermal Analysis 
STA409EP. The experiments were typically run on powdered samples at 20 - 
NOT at 5°C/min under flowing nitrogen. 
2.3.9 Fourier Transform Infrared spectroscopy (FTIR) 
Fourier Transform Infrared analysis was performed with a BRUKER IFS25, 
PERKIN ELMER Spectrum One or a Perkin Elmer Spectrum RX 
spectrophotometers. The spectra were recorded from 4000-200 cm's using KBr 
discs or liquid cells. 
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2.3.10 Ultraviolet and visible spectroscopy (UV-vis) 
UV-vis measurements were carried out with a PERKIN ELMER Lambda II UV- 
VIS spectrometer equipped with Perkin Elmer UV Winlab (Version 1.1) 
computer software. The spectra were recorded from 200-800 nm. 
UV-vis was also used to measure the turbidity (t) of the solutions. The turbidity 
as a function of time was determined by monitoring the change of the optical 
transmission (T= I/I. ) with time at 600 nm. The turbidity was calculated from 
- ln(T) 
I 
where 1 was the cell length (equal to 1.0 cm). 
UV-vis was also used for quantitative analysis of protein concentrations at 562 
nm. 
2.3.11 Mass spectrometry (MS) 
The measurements were run by Service staff in the University of Bristol. The 
experiments were carried out with a MICROMASS AUTOSPEC mass 
spectrometer operating at 30 keV. The Fast Atom Bombardment (FAB+ and 
FAB-) ionization technique was used for high molecular weight compounds. 
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2.3.12 Sodium dodecylsulfate - polyacrylamide gel electrophoresis (SDS- 
PAGE) 
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was undertaken 
on protein solutions containing 0.125M Tris buffer (pH 6.8), 4% SDS, 20% 
glycerol, 10% 2-mercaptoethanol and 0.0004% bromophenol blue. The samples 
were loaded onto a 3% stacking gel (3% acrylamide, 0.125M Tris pH 6.8,0.1% 
TEMED [N, N, N', N'-tetramethylethylenediamine], 0.05% ammonium 
persulphate) with a 7.5% separating gel (7.5% acrylamide/bisacrylamide, 0.375 M 
Tris pH 8.8,0.1% SDS, 0.1% TEMED, 0.05% ammonium persulphate) and run at 
120V for 4 hours with conventional cathode to anode polarity. The gel was 
stained with Coomassie brilliant blue R250 (0.25% in water/methanol/glacial 
acetic acid = 5: 5: 1 v/v) for 30 minutes and then destained with a mixture of 
water/methanol/glacial acetic acid at 6.5: 2.5: 1 (v/v) for 12 hours. 
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Chapter 3 
Synthesis and self-assembly of nanoparticle 
chains, superlattices and filaments in complex 
fluids 
(Published in Nature, 402,393-395,1999) 
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3.1 Introduction 
Research has successfully fabricated self- assembled nanocrystal superlattices or 
nanocrystal arrays of metal, semiconductor and inorganic particles. There arc new 
forms of material of fundamental interest and technological importance. There 
are four key steps to developing these materials: (i) controlled preparation of size 
and shape selected nanoparticles, (ii) control of the selfassembly process to 
produce large well-ordered nanocrystal superlattices, (iii) structural 
characterization, and (iv) modeling the dynamic behavior of the system. ['] Size 
controlled preparation of nanoparticles has been achieved by many methods such 
as water content of reverse micelles, (2) size selectivity. 13'51 However, the shape- 
controlled preparation of nanoparticles is general more difficult. Most 
nanoparticles have been synthesised in spherical shape and only a few examples 
were successfully controlled in a different shape. One example was reported by 
Ahmadi et al 161 who successfully controlled platinum nanoparticles in tetrahedral, 
cubic, irregular-prismatic, icosahedral and cubo-octahedral shapes by changing 
the ratio of the concentration of the capping polymer material to the concentration 
of the platinum. Another one used electrochemical methods to prepare Au 
nanorods. 17) 
Self-assembled arrays involve self-organization of size selected nanoclusters 
encapsulated in protective compact organic coating into monolayers, thin films, 
and superlattices. A key step in this process is the fabrication of size and shape 
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controlled nanocrystal arrays that have the potential to grow large enough for 
technological applications. Colloidal chemistry, or soft chemistry, has played a 
powerful role in this process. Self-organization of nanoparticles is a new route to 
the synthesis of superlattice materials-solid, periodic arrays built using 
nanocrystals as building blocks, achieved by preparing size and shape-selected 
nanocrystals using colloid chemistry and then using seif-assembly as a means of 
joining them together. Methods for assembling nanoparticie superstructures 
generally rely on preformed spherical nanoparticles and external processing, such 
as solvent evaporation, 18'91 molecular cross-l inking, [ 10' 151 or template- 
patterning. (16'191 The dynamical behavior of complex fluids suggests that these 
superstructures might be directly accessible through instability thresholds induced 
by in situ chemical reactions. 
Reverse micelles and microemulsions have been used extensively as confined 
media for the preparation of discrete inorganic nanoparticles. 120 221 Because these 
reactions are spatially constrained but interfacially active, it should be possible to 
synergistically couple nanoparticle synthesis and self-assembly over a range of 
length scales to produce materials with complex organization. 
Here we demonstrate shape- and size-controlled synthesis of barium chromate 
nanocrystals in the presence of anionic surfactant AOT water-in-oil reverse 
micelles or microemulsion droplets and organization of the nanoparticles into 
unusual linear aggregated structures in solution-phase and subsequently 
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spontaneous self-assembly into two-dimensional superlattices in one step. The 
morphology of barium chromate nanoparticles synthesized in AOT reverse 
micelles or microemulsion droplets was controlled by changing the molar ratio of 
two reactants (Ba2+/CrO42) in the microreactor of AOT water-in-oil 
microemulsions under the conditions investigated. Prismatic, long filament and 
spherical shapes of BaCrO4 nanoparticles can be controlled by reaction 
stoichiometry. BaCrO4 prismatic nanoparticles and self-assembled chains and 
rectangular superlattices were formed specifically at molar equivalence (1 : 1.4 S 
[Ba2+] : [Cr042- ]51.4 : 1). Under identical conditions, but with an excess of 
Ba2+ (2.7 :1S [Ba2+] : [Cr042- ]S5.5 : 1), BaCr04 high aspect ratio filaments 
were formed. With a molar excess of Cr042' (1 : 4.6 5 [Ba2+] : [Cr042 ]51: 2.7), 
the colloidal suspension consisted of cuboidal and spherical BaCr04 nanocrystals. 
The size of the prismatic nanoparticles can be controlled by the water content of 
the AOT reverse microemulsions. The chains and superlatticcs consist of ordered 
arrays of prismatic BaCrO4 nanoparticles held together by the interdigitation of 
bilayer surfactant molecules on specific crystal faces. Our results indicate that 
chemical control of reactions in complex fluids can have a profound influence on 






3.2 Materials and Experiments 
3.2.1 Materials 
3.2.1.1 Chemical list 
All the materials were of analytical grade and used without further purification. 
Table 3-1 Chemicals used in this chapter 
Common Chemical name Formula Molecular Supplier 
name weight 
sodium chromate Na2Cr04 162.0 Aldrich 
barium chloride BaC12 208.2 Aldrich 
NaAOT sodium bis(2"ethylhexyl) C20H37O4SO3Na 444.5 BDH 
sulphosuccinate 
isooctane 2,2,4-trimethyl C8H18 114.0 Aldrich 
pentane 
3.2.1.2 Synthesis of Barium bis(2-ethylhexyl) sulfosuccinate [Ba(AOT)2] 
qO 
( 
O71 I11 I-ý 
ý2 Ba+ 
48 
13a(AOT)2 (MW = 980) was prepared by direct reaction of sodium AOT and 
barium chloride in water. 1231 50 mM of aqueous solution of sodium AOT was 
mixed with 25 mM of barium chloride aqueous solution. The barium AOT 
product (a white precipitate) was centrifuged, washed with water and then dried 
under vacuum. Dried Barium AOT was then dissolved in isooctane (at a weight 
ratio of 1: 6), and filtered through a 0.2 µm solvent-resistant membrane. The 
solvent was removed with a rotary evaporator and the compound was dried under 
high vacuum and stored in a dessicator. Characterisation by flame emission and 
elemental analysis showed the surfactant to be pure barium AOT. Negative FAB- 
Mass spectrometry showed the formation of clusters [A + nM]' (A = [AOT]', M= 
BaAOT2, n=0 and 1) negative analogues of [C + nM]+ (C = [NR4]'', M= NR4X, 
X= halogens), in the case of quaternary ammonium salts [241 for M. S. FAB (-) 
m/z : 1400,40% [BaAOT3]'; 421,100% [AOT]'. 
3.2.2 Experimental methods 
3.2.2.1 Preparation of BaCrO4 nanoparticics 
Typically, 0.18 mL of aqueous Na2CrO4 solution (0.02 to 0.50 M, pH ft 9) were 
added with shaking to 10 mL of a solution of NaAOT dissolved in isooctane (0.1 
M) to give yellow suspensions of microemulsion droplets with water to surfactant 
molar ratios (w =[H20]/[NaAOT] =5- 20). To introduce Ba 2+ into the reaction, 
a small amount of Ba(AOT)2 dissolved in isooctane (0.395 mL, 0.05 M, w<l) was 
added to 10 mL of the chromate-containing microemulsion to give a final NaAOT 
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: Ba(AOT)2 molar ratio of 50 : 1. Using these conditions, the [Ba2+] : [Cr042ýJ 
molar ratio was systematically changed between values of 5.5 :I to l: 4.6 by 
modifying the concentration of Na2Cr04 in the microemulsion water droplets. 
The reactions took place at room temperature and the samples were analysed from 
one hour to one week. 
3.2.2.2 Transmission electron microscopy (TEM) 
Samples for TEM were collected within one week directly from the 
microemulsion fluid as well as the precipitated material, and deposited onto 
Formvar-coated carbon-reinforced, 3mm diameter, copper electron microscope 
grids. The samples were air-dried and washed with pure isooctane. 
TEM analysis was performed in bright field mode using either a JEOL 2000FX 
high -resolution electron microscope operating at 200keV or a JEOL 1200EX 
electron microscope operating at 120keV (section 2.3.1). The imaged particles 
were characterized by energy-dispersive X-ray analysis (EDXA) (section 2.3.3) 
and selected area electron diffraction (SAED) (section 2.3.2). The diffraction 
patterns were indexed with references to the data given in table 3-2. 
so 
Table 3-2 X-ray diffraction data for barium chromate. 
D (A) {hkl} 1nt 
4.55 200 7 
4.428 011 13 
3.978 111 25 
3.871 201 8 
3.669 002 60 
3.516 210 100 
3.403 102 35 
3.171 211 80 
2.901 112 35 
2.805 301 10 
2.770 020 40 
2.542 212 14 
2.495 121 5 
2.253 221 20 
2.211 022 5 
2.175 401,113 60 
2.157 203,312 30 
2.150 122 45 
2.106 410 10 
1.972 321 5 
1.905 303 15 
1.835 004 10 
1.799 104,123 10 
1.711 230,114 30 
1.702 204,223 5 
The data are from JCPDS-ICDD (c) 1995 PDF-2 Sets 1-45 database. 
A=9.112A b=5.541 A c=7.343 A 
a=ß=y=90° 
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3.2.2.3 Small-angle X-ray scattering (SAXS) 
Samples for SAXS were prepared as in section 3.2.2.1. These included NaAOT 
water-in-oil microemulsion droplets and Ba(AOT)2 micelles in isooctane. 
Small-angle X-ray scattering measurements were carried out at the Max-Planck- 
Institut of Colloids and Interfaces (Germany). The data were obtained from a 
Kratky compact camera system that was equipped with a stepping motor and a 
counting tube with an impulse-height discriminator. The light source was a 
conventional X-ray tube with fixed copper target operating at 40 mA and 30 kV 
(section 2.3.6). 
3.2.2.4 Dynamic light-scattering (DLS) 
Samples for dynamic light-scattering measurements were prepared as in section 
3.2.2.1. The results were recorded as follows: 1) the hydrodynamic radii of 
particle populations as a function of time; 2) the number of particle populations as 
a function of time. The time axis started from the moment of mixing Ba(AOT)2 
micelles and sodium chromate containing NaAOT microemulsions. 
Dynamic light-scattering measurements were carried out at the Max-Planck- 
Institut of Colloids and Interfaces (Germany) (section 2.3.7). 
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3.2.2.5 Mass spectrometry (MS) 
Samples for mass spectrometric analysis were pure synthesized Ba(AOT)1 
submitted as dry powder. The measurements were run by Service staff with a 
MICROMASS AUTOSPEC mass spectrometer operating at an energy of 30 keV 
(section 2.3.1.1). Negative Fast Atom Bombardment (FAB-) ionization 
techniques were used for this measurement. 
3.2.2.6 Fourier Transform Infrared spectroscopy (FTIR) 
Samples for Fourier Transform Infrared (FTIR) analysis were taken from the 
sedimented materials and washed for three times with isooctane to remove free 
AOT molecules and air-dried. The spectra were recorded from 4000-200 cm" 
using KBr discs. Fourier Transform Infrared analysis was performed with a 
PERKIN ELMER Spectrum One spectrophotometer (section 2.3.9). 
3.2.2.7 Thermogravimetric analysis (TGA) 
Samples for thermogravimetric analysis were taken from the scdimcntcd 
materials, washed with isooctane for three times to remove free AOT molecules, 
and then air-dried. Thermogravimetric analysis was performed with a 
Simultaneous Thermal Analysis STA409EP. The experiments were typically run 
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on powdered samples from 20 - 800°C with a temperature ramp of 5°C/min under 
flowing nitrogen (section 2.3.8). 
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3.3 Results and Discussion 
3.3.1 Description of BaCrO4 nanoparticle chains and superlattices 
Barium bis(2-ethylhexyl) sulphosuccinate (Ba(AOT)2) reverse micelles were 
added to sodium chromate (Na2Cr04)"containing NaAOT microemulsion 
droplets, to give a final molar ratio of [Ba2''] : [Cr042"] ý1 and water content w= 
[1120] : [NaAOT] = 10. This produced a yellow precipitate ca. 3 hours after 
mixing of the reactants at 25°C. Transmission electron microscopy (TEM) 
images of samples taken directly from the liquid phase of the microemulsion 
showed remarkable chain-like arrays containing up to 60 nanoparticles (Figure 3- 
1). The colloidal chain structures were 50 to 500 nm in length and consisted of 
rectangular-shaped particles that were uniform in length (mean = 16.0 ± 1.5 nm) 
and width (mean = 6.0 ± 0.4 nm) (Figure 3-2), and preferentially aligned so that 
the long axis of each particle was perpendicular to the chain direction. Each 
crystal along the length of the chain was separated by a regular spacing of 2 nm. 
Corresponding TEM studies on the sedimentary material showed thin flake-like 
aggregates of a 2-D superlattice constructed from a pseudo-rectangular (90° 505 
100°) array of uniform-sized BaCr04 nanoparticles that were separated by an 
interparticle spacing of 2 nm (Figure 3-3). 
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Figure 3-1 TEM image showing ordered chains of prismatic BaCrO4 
nanoparticles prepared in AOT reverse microemulsions at [Ba2`] : [Cr042"] molar 
ratio 1 and w= 10 (section 3.2.2.1). Scale bar = 50 nm, and associated electron 






















u d 20 
10 
0 
Figure 3-2 Histograms of the size distribution of BaCr04 rectangular 
nanoparticles in chain structures prepared at [Ba2+] : [Cr042-] =I: 1 and w= 10, 
corresponding to Figure 3-1. (a) the distribution of the length, (b) the distribution 
of the width. 
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Figure 3-3 Rectangular superlattice of BaCrO4 nanoparticles. These were 
formed by two-dimensional aggregation of nanoparticle chains prepared in AOT 
reverse microemulsions at [Ba2+]: [Cr042-] molar ratio : zz I and w= 10 (section 
3.2.2.1). Arrow shows dislodged particles revealing the prismatic morphology of 
individual crystallites. Scale bar = 50 nm. Insert, the electron diffraction pattern 
gives the superimposition of reflections from zone axes approximately parallel to 























Figure 3-4 Histograms of the size distribution of BaCr04 rectangular 
nanoparticles in superlattice structures prepared at [Ba2+] : [Cr042-] =I: I and w 
= 10, corresponding to Figure 3-3. (a) the distribution of the length, (b) the 





Images of tilted lattices indicated that the particles were prismatic and identical to 
those present in the chain motif, and aligned with their long axis perpendicular to 
the plane of the superlattice. Viewed in-plane, the nanoparticics were rectangular 
in shape with mean dimensions of 6.8 ± 0.6 nm and 5.9 ± 0.5 nm (Figure 3-4), 
indicating two different types of side face. 
3.3.2 Identification of nanoparticle chains and superlattices 
TEM imaged nanoparticle chains and superlattices were characterized by energy- 
dispersive X-ray analysis (EDXA) and selected area electron diffraction (SAED) 
respectively. The EDXA spectra indicated same presence of Ba (4.4,4.8,5.1 
keV), Cr (5.4,5.9 keV), S (2.3,2.6 keV) and 0 (0.5 keV) either in chain 
structures or in superlattices (Figure 3-5). Imaged nanoparticle chains and 
superlattices were also characterized by selected area electron diffraction (SAED). 
Typical barium chromate d-spacings 4.56 A (200), 3.98 A (111), 3.17 A (211), 
2.89 A (112) and 2.17 A (401,113) indexed according to Table 3-2 were obtained 
in chain structures by measuring the powder electron diffraction rings (Figure 3-1 
insert). Selected area electron diffraction pattern of imaged supcrlattices showed 
d-spacings of 3.66 A (002), 3.18 A (211), 2.78 A (020), 2.26 A (221), 2.14 A 
(122) and 1.80 A (104,123) (Figure 3.3 insert). The results indicating that the 
nanoparticle chains and supcrlatticcs were crystalline barium chromate. 
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Figure 3-5 Energy-dispersive X-ray analysis (EI)XA) spectrum recorded from 
BaC rO, nanoparticle chains or superlattices prepared in AOl' reverse 
microemulsions at [Ba`']: [Cr04`*] molar ratio =I and iv = 10 corresponding to 
Figure 3-1 or Figure 3-3. 
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3.3.3 Investigation of the molar ratio of two reactants Bat+/CrO42' 
The molar ratio of [Ba2+] to [Cr042`] was systematically changed between values 
of 5.5 :1 to 1: 4.6 by modifying the concentration of Na2CrO4 in the 
microemulsion water droplets (Table 3-3). 




molar ratio of 
Bat+/CrO42- 
molar ratio of 
NaAOT/Na2CrO4 
1 0.02 5.5: 1 278 
2 0.04 2.7: 1 139 
3 0.08 1.4: 1 69 
4 0.11 1: 1 51 
5 0.15 1: 1.4 37 
6 0.30 1: 2.7 19 
7 0.50 1: 4.6 11 
The systematically change in concentrations of Na2Cr04 and the molar 
ratio of Bat+/CrO42' at the constants of [NaAOT] = 0.1 M, [Ba(AOT)2] 
0.05 M, the molar ratio of NaAOT / Ba(AOT)2 = 50 and w= H2O / 
NaAOT = 10. 
The BaCr04 nanoparticle chains (Figure 3-1) and superlattices (Figure 3-3) were 
formed specifically at molar equivalence (1 : 1.4 S [Ba2+] : [Cr042- ]51.4 : 1) 
(No. 3-5 in Table 3-3). Under identical conditions, but with an excess of Bat+, 
(2.7 :15 [Ba2+] : [Cr042- ]55.5 : 1) (No. 1-2 in Table 3-3), BaCr0 4 filaments 
with lengths up to 50 µm were deposited in the form of single threads or bundles 
of loosely aggregated fibres with highly uniform widths, straight edges and well- 








Figure 3-6 (a) TEM image of bundles of BaCrO4 nano filaments prepared in 
AOT reverse microemulsions at [Ba2+]: [Cr042-] 5: 1 and w= 10, scale bar = 
500 nm; (b) higher magnification image of single filaments, scale bar = 200 nrn. 
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The filaments were 20 to 500 nm in width, with an aspcct ratio of 
approximately 1000. Electron diffraction patterns were consistent with single 
crystal BaCrO4 filaments preferentially oriented along the crystallographic a axis 
(Figure 3-7a, c). High resolution TEM image (Figure 3-7b) showed lattice fringes 
correspond to the (210) d-spacings (3.5 A). However, if the experiments were 
undertaken at this low concentration of chromate (0.04M, same as No. 2 in Table 
3-3) but with the molar ratio re-established at 1: 1 by decreasing the 
concentration of Ba(AOT)2 (0.018 M), low yield chain structures were obtained, 
but not filaments. 
In contrast, when a molar excess of chromate was used (1 : 4.6: 5 [Ba2+] : [Cr042 ] 
51: 2.7) (No. 6-7 in Table 3-3), no precipitate was observed, and TEM studies 
showed that the colloidal suspension consisting of cuboidal and spherical BaCrO4 
nanocrystals with a mean size of 11.1 ± 2.5 nm (Figure 3-8a, b). Selected area 
electron diffraction patterns showed d-spacings of 3.50 A (210), 2.76 A (020), 
2.21 A (022) and 1.90 A (303). The EDXA spectra indicated the presence of Ba 
(4.4,4.8,5.1 keV), Cr (5.4,5.9 keV), S (2.3,2.6 keV) and 0 (0.5 keV) (Figure 3- 
9). The results indicated that the spherical nanoparticles were BaCrO4 cyrstals. 
However, when experiments were undertaken at these increased chromate 
concentrations (0.3 M, same as No. 6 in Table 3-3) but with the molar ratio rc- 
established at 1: 1 by increasing the Ba(AOT)2 concentration (0.135 M), chains 





Figure 3-7 (a) single BaCrO4 nanofilaments elongated along the 
crystallographic a axis, scale bar = 50 nm; (b) high-resolution TEM image shows 
BaCr04 lattice fringes correspond to (210) d-spacings (3.5 A); (c) shows [0-211 
zone electron diffraction pattern recorded from an individual fibre. 
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Figure 3-8a TEM image of spherical BaCrO4 nanoparticles prepared at 
[Ba2+]: [Cr0a2- ] ; zz 1: 5 and w= 10; scale bar = 50 nm, and associated electron 










Figure 3-8b Histogram of size distribution of Ba('r0, spherical nanoparticlcs 
prepared at [Ba`'] : [Cr042 ]=I: 5 and w= 10, corresponding to Figure 3-8a. 
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Figure 3-9 Energy-dispersive X-ray analysis (FI)XA) spectrum recorded from 
BaCrO4 spherical nanoparticlcs prepared at [I3a2' ]: [C'r042 ]I: 5 and w- 10 
corresponding to Figure 3-8a. 
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3.3.4 Investigation of water content in the microemusions (w value) 
Systematic changes in the water content (5 Sw5 20), and hence the diameter of 
the microemulsion droplets, was used to control the size of the nanoparticics 
present in both the chain and superlattice structures. For constant values of [ßa2+] 
: [Cr042-] 1, increases in w gave increased mean particle sizes that were 
correlated in the chain and superlattice nanostructures (Table 3-4 and Figure 3- 
10). 
Table 3-4 Mean dimensions for individual prismatic BaCrO4 nanoparticles 
iv value chain-like stacks superlattices microemulsion 
(H2O/NaAOT) (nm) (nm) radius (nm) 
5 14.5±1.2x5.6±0.4 6.4±0.6x5.3±0.5 1.5±0.5 
10 16.0±1.5x6.0±0.4 6.8±0.6x5.9±0.5 2.2±0.6 
15 17.5±1.4x6.3±0.4 7.4±0.7x6.1±0.6 - 
20 18.3±1.5x8.4±0.8 10.0±1.1x8.1±0.7 3.2±0.6 
The particles were viewed side-on (chains) and end-on (superlatticc) by electron 
microscopy. The nanostructures were synthesized in AOT/watcr/isooctanc reverse 
microemulsions at [Ba2+] : [Cr042] 1: 1, [NaAOT] : [Ba(AOT)2] = 50, and 
various water content iv values. Sizes of the corresponding microemulsion water 
droplets were determined by small angle X-ray scattering. a< 10% for all data. 
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Figure 3-10 TEM images of BaCrO4 nanoparticle superlatticcs prepared in 
AOT reverse microemulsions at [Ba2+]: [Cr042-1 molar ratio 1 and various w 
value. (a) w=5; (b) w= 10; (c) w= 15; (d) w= 20. Scale bars a=b=c=d= 20 
nm. 
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The sizes of the microemulsion droplets were measured using small-angle X-ray 
scattering (SAXS). The droplets were prepared by the samt method as section 
3.2.2.1 but without reactant (Na2Cr04) in the water phase. Figure3-11 clearly 
showed that the microemulsion sizes increased as the w value increased, 
indicating that the particle sizes increased as the droplet size increased. However, 
comparing the final size of the particles with the size ofmicrocmulsion droplets in 
which they formed showed that both sizes were not commensurate. The 
nanoparticles synthesized were significantly larger than the microcmulsion 
droplets under the conditions investigated. The mechanism of formation of 
nanoparticles in AOT reverse microemulsions is not clear so far. 
3.3.5 Dynamic study of the formation of chain and superlattice structures 
The formation of BaCrO4 nanoparticle chains and supcrlatticcs as a function of 
time was studied by transmission electron microscopy (TEM) and dynamic light 
scattering (DLS). Samples for TEM were prepared as in section 3.2.2.1 at w= 10 
and taken from 1 hour after mixing of Ba(AOT)2 micelles with an Na2CrO4- 
containing NaAOT microemulsion. TEM images of the early stages (1 hour) of 
chain assembly showed low contrast structures with striped patterns (Figure 3- 
12a), rather than isolated nanoparticlcs with prismatic morphology. TEM images 
corresponding to samples taken at 3 hours still showed low contrast but 
developing chains were clearly apparent (Figure 3-12b). After 6 hours, 




















Figure 3-11 Size distributions of AOT micelles and microcmulsions measured 
by small-angle X-ray scattering. (1) Ba(AOT)2 miccllcs (0.05M in isooctanc, w< 
1); (2) NaAOT microemulsions (0.1 M in isooctane + H20, iv = 10); (3) NaAOT 
(0.1 M in isooctane) + H2O (w = 1) + Ba(AOT)2 0.05 M in isooctane 
([NaAOT]: [Ba(AOT)2] = 50: 1); (4) same as (3) but w=5; (5) same as (3) but w= 
10; (6) same as (3) but w= 20; (7) same as (3) but iv = 30. (figure supplied by Dr. 
Heimo Schnablegger, Max-Planck-Institut of Colloids and Interfaces, Germany) 
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Figure 3-12 TEM images of BaCrO4 developing chain structures. Samples 
were prepared at [Ba2+] : [Cr042 ] molar ratio I and w= 10 and taken after (a) 
I 
hour; (b) 3 hours; (c) 6 hours. Scale bars a=b=c= 50 nm. 
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The results suggest that BaCr04 growth occurs in association and concurrent with 
the self-organization of stacked micellar aggregates and not through sequential 
attachment of individual nanoparticics. This was confirmed by dynamic light 
scattering (DLS). 
Dynamic light scattering of unstirred reaction mixtures, prepared as in section 
3.2.2.1 at w= 10, suggested the presence of microcmulsion water droplets with a 
constant hydrodynamic radius of 5.8 ± 0.5 nm throughout the time course of the 
experiments (Figure 3-13 curves 1 in a and b). Similar observations were made 
using small angle X-ray scattering (SAXS), which detected significant numbers of 
Bat+-containing spherical water droplets in the reaction mixtures, even after 25 
hours at 25 °C. DLS also suggested the appearance of a second component within 
3 hours at 25°C (18 hours at 20°C), which progressively increased in scattering 
intensity over 6 hours at 25°C, until the experiment was terminated due to bulk 
precipitation (Figure 3-13 curves 2 in a and b). Formation of the aggregate was 
coincident with a decrease in the number of microemulsion droplets (Figure 3- 
14). Although the complexity of the system prevents a conclusive analysis of the 
DLS data, the results suggest that the second component is associated with the 
formation of aggregates in the microemulsion fluid. Supporting this interpretation 
are the results of a TEM analysis of corresponding samples, which show the 
appearance of the second component in the DLS studies to be concurrent with the 
















Figure 3-13 Hydrodynamic radii of two kinds of particle populations as 
function of time at (a) 250C (b) 2011C measured by dynamic light-scattering. 
Samples were prepared in AOT reverse microemulsion at [Ba2+]: [Cr042-] molar 
ratio -- 1 and w= 10 (section 3.2.2.1). (figure supplied by Dr. Hcimo 
Schnablegger, Max-Planck-Institut of Colloids and Interfaces, Germany) 
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Figure 3-14 Peak heights of two particle populations as function of time 
measured by dynamic light scattering at (a) 25 °C and (b) 20 °C. The peak height 
is proportional to the squared volume of the respective particles. Curves I arc 
corresponding to the small particles and curves 2 are corresponding to the big 
particles in figure 3-13. (figure supplied by Dr. Hcimo Schnablcggcr, Max- 
Planck-Institut of Colloids and Interfaces, Germany) 
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3.4 General discussion 
3.4.1 Molar ratios 
Using the molar ratio of two reactants to control the morphology of nanoparticics 
synthesized in reverse microemulsions is reported for the first time by this work. 
The BaCrO4 nanoparticle chains and superlattices were formed specifically at 
molar equivalence (1 : 1.4 S [Ba2+] : [Cr042- ]51.4 : 1). Under identical 
conditions, but with an excess of Ba2+ by decreasing the concentrations of 
chromate (2.7 : 1: 5 [Ba2+] : [Cr042- ]S5.5 : 1), BaCrO4 filaments were formed, or 
with a molar excess of Cr042" by increasing the concentrations of chromate (1 : 
4.65 [Ba2+] : [Cr042" ]51: 2.7), the colloidal suspension consisted of cuboidal 
and spherical BaCr04 nanocrystals. However, if the experiments were undertaken 
at low (0.04M) or high (0.3 M) concentrations of chromate, but with the molar 
ratio re-established at 1: 1 by modifying the concentration of Ba(AOT)2, chains 
and superlattices structures were obtained, and not the filaments or spherical 
nanoparticles (section 3.3.3). This indicated that the molar ratio, rather than the 
absolute concentrations, was responsible for the organized structures. 
The same results were observed in the synthesis of BaSO4 under the same 
conditions. BaSO4 nanoparticle chain structures wcrc synthesized at molar 
equivalence ([Ba2+] : [S042-] =1 :1 and w= 10) (Figure 3-15) and BaS04 
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nanofilaments were formed at the molar ratio of [Ba2'] : [S042"] -5: I (Chapter 
4). 
We propose the following model to account for the remarkable influence of 
reaction stoichiometry on the shape, size and self assembly of higher-order 
BaCrO4 structures in complex fluids. On mixing, transfer of water molecules from 
the chromate-containing microemulsions to the "dry" Ba(AOT)2 reverse miccllcs 
acts as a strong driving force for the exchange of ions, which results in an increase 
in intramicellar supersaturation, and nucleation and growth of surfactant- 
encapsulated BaCrO4 crystals. At molar equivalence, there is no net charge at the 
crystal surfaces with the consequence that the particles develop regular faces and 
a prismatic morphology in accordance with the unit cell symmetry, and aggregate 
into ordered chains by the mechanism proposed in Scheme 3-1. In contrast, a 
molar excess of Cr042- offsets the growth anisotropy due to excess ncgativc 
surface charge to produce spherical nanoparticles. The AOT molecules are also 
negatively charged, so there is negligible interaction (adsorption) of the surfactant 
onto the particle surface and therefore no additional driving force for surfactant- 
induced aggregation into longer range structures. An excess of Ba2* ions, on the 
other hand, results in positively charged clusters that interact with the AOT 
headgroups to such an extent that further growth into regularly shaped 
nanoparticles is inhibited. Instead, large unstructured micellar aggregates are 
formed which precipitate from solution and slowly transform over a period of 
days and weeks into the filamentous structures (see Chapter 4). 
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Figure 3-15 TEM image showing ordered chains of prismatic BaSO4 
nanoparticles prepared in AOT reverse microemulsion at [Ba2+] : [S04` ] molar 





Scheme 3-1: Proposed model for the surfactant-induced self-assembly of 
nanoparticle chains and superlattices. (a) surfactant-coated prismatic BaCrO4 
nanoparticles are synthesized by controlled crystallization in microemulsion water 
droplets. For clarity, only one face is shown with associated surfactant molecules. 
(b) interdigitation of the surfactant monolayers is induced as the crystal faces 
develop in shape and size, resulting in preferential aggregation normal to both the 
prism long axis (crystallographic a axis) and largest side face. (c) aggregation in 
2-D proceeds as the chains develop in length and number. 
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3.4.2 Chain structures formed in complex fluids 
Most self-assembly nanostructures were obtained by a drying process on the T1 M 
grids. In our case, we believe that the nanochain structures were formed in the 
complex fluid. This was confirmed by dynamic light scattering (DLS) analysis. 
DLS data showed the appearance of two kinds of particles in the reaction 
solutions. The first one was microemulsion water droplets with a constant 
hydrodynamic radius of 5.8 ± 0.5 run throughout the time course of the 
experiments. The second component, starting from -70 nm in radius, appeared 
within 3 hours at 25°C (18 hours at 20°C), and progressivcly increased in 
scattering intensity over 6 hours at 25°C (section 3.3.5). TEM results 
corresponding to the samples taken after 3 hours showed developing chain 
structures, suggesting that the second component was self-assembly of chain 
structures developing in the solution. DLS data also showed that the formation of 
the aggregates was coincident with a decrease in the number of microcmulsion 
droplets (section 3.3.5). Although the complexity of the system must prevent a 
conclusive analysis of the DLS data, they do suggest that the second component is 
associated with the formation of aggregates in the microcmulsion fluid. 
TEM images of the early stages of chain assembly showed low contrast structures 
with striped patterns, rather than isolated nanoparticics with prismatic 
morphology, suggesting that BaCr04 growth occurs in association and concurrent 
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with the self organization of stacked miccilar aggregates and not through 
sequential attachment of individual nanoparticles. One possibility is that the linear 
arrays spontaneously self-assemble in the microcmulsion fluid from interactions 
between the hydrophobic tails of AOT molecules adsorbed onto the flat side faces 
of developing BaCr04 prismatic crystallites (Scheme 3-1). Taken together, the 
data suggest that spontaneous self- assembly of BaCrO4 linear arrays occurs in the 
microemulsion fluid. 
3.4.3 Relationship between chains and superlattices 
Electron diffraction patterns recorded from superlattice structures showed d- 
spacings of 3.66 A (002) and 2.78 A (020) (scction 3.3.2), indicating that the 
superlattice structures were indexed according to a superimposition of directions 
close to the [100] zone axis. This suggested that the prismatic crystals were 
single-domain particles elongated along the crystallographic a axis. Electron 
diffraction patterns recorded from chain structures showed a d-spacing of 4.56 A 
(200), suggesting that the superlatticcs presented in chain motif and aligned with 
their long axis perpendicular to the plane of the supcrlatticc. This was consistent 
with a morphology based on a set of 1100) end faces with (010) and (001) side 
faces. The particles are showed in scheme 3-2. 
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Scheme 3-2. Sketch of individual BaCr04 prismatic nanoparicics. 
Electron diffraction patterns recorded from superlatticc structures indicated two 
different types of side face, but failed to identify unequivocally the 
crystallographic nature of the side faces because of multiple arcing of the 
reflections arising from long-range disorder in the air-dried structures. 
Interestingly, a difference of only ca. 14 nm2 (16x6.8 - 16x5.9 nm2) in the surface 
areas of the two sets of side faces appears to be sufficient to stabilize the chain 
motif prior to superlattice formation, even though the latter has an increased 
number of particle-particle connections. Significantly, the particle width 
measured for crystals in the individual chains was commensurate with the shorter 
in-plane dimension of the superlattice particles, suggesting that the larger side 
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Scheme 3-3. Sketch of chain structure. 
3.4.4 Existence of AOT between the particles 
TEM images showed that the particles either in chain or supcrlatticc structures 
were separated by a regular spacing of 2 nm, consistent with the presence of an 
bilayer of AOT molecules. Energy-dispersive X-ray analysis (EDXA) (section 
3.3.2) recorded either from chain or superlattice structures also showed the 
existence of sulphur (Figure 3-5) along with Ba and Cr. Fourier Transform 
Infrared (FTIR) spectrum recorded from sedimentary materials (section 3.2.2.6) 
showed the existence of the ester group carbonyl (v(c.. o), 1729 cm-) and the alkyl 
bands (2860,2872,2930,2959 cm 1), from the hcadgroups and the alkyl chains of 
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AOT molecules (Figure 3-16). Taken together, the data suggested the existence 
of AOT molecules associated with BaCr04 nanoparticIcs. This was confirmed by 
Thermogravimetric analysis (TGA) (section 3.2.2.7), which shoved a weight loss 
of 15% between 120 and 500°C, corresponding to removal of AOT from the 
inorganic materials. Loss of surfactant occurred principally around a temperature 
of 256°C which was 18°C lower than that determined for pure Ba(AOT)2 
(274°C). 
Obviously, the AOT molecules adsorbed on the surfaces of BaCrO4 nanopariclcs 
with the headgroups and the hydrophobic tails formed a bilaycr structure bctwccn 
the particles to reduce the free energy (Scheme 3-1). The prismatic shape and the 
uniform size of the particles, and large area of the side faces coated with AOT 
molecules induced self-assembly nanocrystal chain structures, suggesting the 
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Figure 3-16 Fourier Transform Infrared (FTIR) spectrum of BaCrO4 prepared 
in AOT reverse microemulsion at [Ba 2+] : [CrO42'] molar ratio rz 1 and w ffi 10 
(section 3.2.2.1). Sample was taken from the sedimcntcd materials. 
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3.5 Conclusion 
With this work we demonstrate that the morphology of barium chromate 
nanoparticles synthesized in AOT reverse microemulsion droplets at w-5- 20 
can be controlled by the molar ratio of the reactants. When the molar ratio of 
reactants (Ba2+/Cr042-) was around chemical equivalence (1.4: 1 5 [Ba2']: [Cr042- ] 
S 1: 1.4), prismatic shape nanoparticles were synthesized, and self-assembly into 
unusual linear structures in the complex liquid occurred. These subsequently 
formed two-dimensional superlattice structures that sedimented as a precipitate. 
At molar ratios of 2.7 :1S [Ba2+] : [Cr042" ]S5.5 : 1, i. c with an cxccss of Ba2', 
nanofilaments were obtained, whereas spherical nanoparticles wcrc formed at 
molar ratios of I: 4.6 5 [Ba2+] : [Cr042"] 5I: 2.7, i. c with a molar cxccss of 
chromate. If the molar ratio of reactants was kept at 1: 1, the prismatic shape 
nanoparticles can be synthesized over a wide range of w values (w 
[H20]/[NaAOT]) from 5 to 20 and the particle sizes increased from 14.5x6.4x5.3 
nm3 to 18.3x 10.0x8.1 nm3 (Table 3-4), as the water content increased. 
Previous research suggested that self-organization of lyophobic nanocrystals at 
high particle volume fractions into periodic arrays requires only a sufficiently 
narrow size distribution and the nanocrystal shape and sufficient stabilization 
provided by adsorbed capping ligands. 1'7.20) Our work was in good agreement 
with that. These BaCrO4 nanoparticles synthesized in AOT reverse miccllcs or 
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microcmulsion droplets have a narrow enough size distribution (a < 10%) and 
were capped by surfactant AOT. The prismatic shape assists in formation of 
close-packed nanocrystal arrays because a large area of AOT lamellar phase can 
be formed between two faces of prismatic shape particles. Most scif asscmblcd 
superlattice structures were obtained by drying capped spherical nanoparticles on 
the TEM grids. However, in this case, self assenmbly occurred in the solution 
phase, implying that the shape and the size of capped nanoparticlcs arc very 
important factors in nanoparticle self-assembly. 
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Chapter 4 
Emergence of Morphological Complexity in 
Barium Sulfate Fibres Synthesized in AOT 
Microemulsions. 
(Published in Langmuir, 16,7088.7094,2000) 
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4.1 Introduction 
Reverse micelles and microemulsions formulated with the anionic surfactant 
sodium bis(2-ethylhcxyl) sulfosuccinate (Aerosol OT, AOT) have been 
extensively used for the synthesis of inorganic nanoparticics of barium 
chromate, 111 barium sulfate, 121 calcium sulfate, 131 silica , 
141 silvcr, 15 61 and coppcr. '7' 81 
The principal reason for using microemulsions is that particle sizes and 
corresponding size distributions can be readily controlled by reaction 
confinement. However, in some studies aggregation of the primarily formed 
nanoparticles led to uncontrolled formation of micro- or even millimeter-sizcd 
clusters. In recent years interest has shined from making monodispcrsc 
nanoparticles of different materials with mostly a spherical shape to controlling 
particle morphology (anisotropic and high-axial-ratio particles), introducing 
crystallinity and oriented growth. Further growth and aggregation of the initially 
formed nanoparticles results in the formation of higher-order structures such as 
BaCr04 chains and filaments, t11 BaSO4 filamcntst21 and cones, '91 CaSO4131 and 
BaCOP01 nanowires. These studies suggest that complex fluids can be used not 
only to control the size and shape of inorganic nanoparticlcs but as dynamical 
systems for the spontaneous organization of inorganic materials beyond the 
mesoscopic length scale. This principle has also been exemplified through a 
number of studies involving inorganic precipitation in bicontinuous 
microemulsions, 1ii. 121 lyotropic hexagonal mesophases, I13.141 and block copolymcr 
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micclles. 1151 In each case, synergistic interactions at the surfactant - inorganic 
interface result in new instability thresholds and the subsequent emergence of 
complex forms that represent compromises between competing force fields, such 
as membrane curvature and lattice energy. 
In the past a few years, a large number of investigations focused on the optical, 
electrical and magnetic properties of the nanoparticics synthesized and on the 
study of quantum size effects. Less attention has been paid to the progress 
obtained in recent years on what actually controls the size and shape of the 
particles formed in microemulsion system, as well as the effects of surfactant and 
oil chain length and salt concentration. A generally valid theory is still not 
available. 1161 
In this chapter, we describe the processes that give rise to the synthesis of unusual 
BaSO4-surfactant filamentous structures by reaction of Ba(AOT)2 rcvcrse 
micelles with NaAOT microemulsion droplets containing Na2S04 at w= 10 and 
[Ba2+] : [S042 ] molar ratio szý 5: 1. The structures originate within loosely 
associated aggregates of discrete surfactant"cncapsulated BaSO. 4 nanoparticics 
that intcmally reorganize into an array of co-aligned crystalline filaments. We use 
TEM to follow the early stages of growth, which involves the formation of spiral- 
shaped bundles that subsequently grow uni-directionally to produce the complex 
mature architectures. Our results indicate that morphological complexity is a 
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consequence of surfactant-inorganic interactions operating across a rangt of 
length scales. 
This study, together with previous work, 13'101 suggests that the evolution of these 
micrometre-scale structures from nanoscalc reaction environments occurs through 
similar mechanisms, and that the elucidation of these generic processes will lead 
to novel developments in the synthesis of inorganic materials with complex 
form. 1' 71 
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4.2 Materials and Methods 
4.2.1 Materials 
All materials were of analytical grade (purity >98%) and used without further 
purification. 
Table 4-1 Chemicals used in this chapter 
Common Chemical name Formula Molecular Supplier 
name weight 
sodium sulphate Na2SO4 142.0 Aldrich 
sodium chromate Na2Cr04 162.0 Aldrich 
phosphotungstic acid H3PW12040 2880.2 AGAR 
barium chloride BaC12 208.2 Aldrich 
NaAOT sodium bis(2-ethylhexyl) C20H37O4SO3Na 444.6 BDII 
sulphosuccinate 
isooctane 2,2,4-trimethyl C8l, 18 114.0 Aldrich 
pentane 
4.2.2 Methods 
4.2.2.1 Synthesis of barium bls(2-ethylhcxyl) sulfosuccinate [Ba(AOT)iI 
IIa(AOT)2 (MW = 980.47) was prepared by direct reaction of sodium AOT 
[sodium bis(2-ethylhexyl) sulfosuccinate] and barium chloride in watcr (Section 
3.2.1.2). 
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4.2.2.2 Preparation of barium sulfate nanofiiaments in AOT water-in-oll reverse 
microemuision 
Synthesis of BaSO4 in AOT water-in-oil microemulsion was undertaken as 
follows. Typically, 1.8 mL of aqueous Na2SO4 solution (20 to 80 mM) were 
added with shaking to 100 mL of a 100 mM solution of NaAOT dissolved in 
isooctane to give a suspension of microemulsion droplets with water to surfactant 
molar ratio w= [H20]/[NaAOT] = 10. To introduce Ba2+ into the reaction, a 
small amount of Ba(AOT)Z reverse micelles, dissolved in isooctane (4.0 mL, 50 
mM, w< 1), was added to 100 mL of the sulfate-containing microcmulsion to 
give final molar ratios NaAOT : Ba(AOT)2 = 50: 1, and [Ba2+] : [SO42"] = 5.5 :1 
to 1.4 : 1. The mixture was then incubated at 4 to 40°C and samples rcmovcd 
from 1 hour to 35 days. 
4.2.2.3 Preparation of barium chromate nanofilaments In AOT water-in-oil reverse 
microcmulsion 
Similar to scction 4.2.2.2,1.8 mL of aqueous Na2CrO4 solution (20 to 40 mM) 
were added with shaking to 100 mL of a 100 mM solution of NaAOT dissolvcd in 
isooctane to give a suspension of microcmulsion droplets with water to surfactant 
molar ratio w= [H20]/[NaAOT] = 10. Ba(AOT)2 rcvcrsc miccllcs, dissolvcd in 
isooctane (4.0 mL, 50 mM, iv < 1), was thcn addcd to 100 mL of the chromatc- 
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containing microemulsion to give final molar ratios NaAOT : i3a(AOT)2 - SO: 1, 
and [ßa24] : [Cr042-] = 5.5 :1 to 2.7 : 1. 
4.2.2.4 Preparation of barium phosphotungstate nanofilaments in AOT water-in-oil 
reverse microemulsion 
Similar experiments as section 4.2.2.2 were undertaken with mixture of 
Ba(AOT)2 reverse micelles (50 mM in isooctane, w< 1) and NaAOT 
microemulsion containing aqueous phosphotungstic acid (H3PW1204o, 7 mM in 
water, w= 10) to give final molar ratios NaAOT : Ba(AOT)2 = 50 : 1, and [Ba2*] : 
[P W 120403. ] =15 : 1. 
4.2.2.5 Transmission electron microscopy (TEM) 
Samples for transmission electron microscopy (TEM) were collected separately 
using a glass pipette from both the transparent liquid phase and precipitated 
materials, and deposited onto formvar-coated, carbon-reinforced, 3 mm diameter, 
copper electron microscope grids, which were washed with pure isooctane after 
air-dried. 
TEM analysis was performed in bright field mode using cithcr a JEOL 2000FX 
high -resolution electron microscopy operating at 200kcV or a JEOL 1200EX 
electron microscopy operating at 120keV (section 2.3.1). Selected area electron 
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diffraction (SAED) (section 2.3.2) and energy-dispersive X-ray analysis (EDXA) 
(section 2.3.3) were also used to characterize the samples imaged by TEM. 
4.2.2.6 Powder X-ray diffraction (PXRD) 
Samples for powder X-ray diffraction (PXRD) analysis were taken from 
precipitated materials and deposited directly on the sample holder, air-dried. The 
data were collected for 20 values from 4 to 60° using a PW1710 diffractomctcr 
(section 2.3.5). The diffraction patterns were then indexed with reference to the 
unit cell of barium sulfate a, b, c, = 8.909,5.467,7.188 A, according to the 
Cambridge database given in table 4-2.191 
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Table 4-2 X=rav diffraction data for barium sulfate. 
D (A) {hkl} I/ 1o D (A) {hkl} I/ io 
8.909 100 2.5550 021 
7.188 001 2.4901 212 13 
5.5942 101 2.4560 121 
5.4670 010 2.4529 311 
4.6596 110 2.3298 220 14 
4.4545 200 16 2.3138 103 6 
4.3514 011 30 2.2893 302 8 
3.9100 111 50 2.2272 400 
3.7864 201 12 2.2163 221 25 
3.5940 002 30 2.1945 013 
3.4533 210 100 2.1757 022 
3.3330 102 70 2.1308 113 
3.1127 211 95 2.1275 401 
3.0032 012 2.1136 122 
2.9697 300 2.1116 312 
2.8458 112 50 2.1101 203 
2.7971 202 2.0626 410 19 
2.7447 301 15 2.0112 320 
2.7335 020 1.9686 213 
2.6133 120 45 1.9550 222 
2.6095 310 1.9368 321 7 
a=8.909A b=5.467A c=7.188A 
The d-spacings and unit cell dimensions a, b, c are from Cambridge database, 
Daresbury, U. K. The intensities are those reported in the JCPDS cards. 
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4.2.2.7 Thermogravimetric analysis (TGA) 
Samples for thermogravimetric analysis were taken from the sedimentary 
materials and washed with isooctane for three times to remove free AOT 
molecules, then air-dried. Thermogravimetric analysis was performed with 
Simultaneous Thermal Analysis STA409EP. The experiments were typically run 
on powdered samples at 24 - 600°C at 5°C/min under flowing nitrogen (section 
2.3.8). 
4.2.2.8 Fourier Transform Infrared spectroscopy (FTIR) 
Samples for Fourier Transform Infrared (FTIR) analysis were taken from the 
sedimentary materials and washed with isooctane for six times to remove AOT 
molecules, air-dried. The spectra were recorded at 4000-400 cm" using KBr 
discs. The Fourier Transform Infrared analysis was performed with a Perkin 
Elmer Spectrum RX spectrophotometer (section 2.3.9). 
4.2.2.9 Small-angle X-ray scattering (SAXS) 
Samples for small angle X-ray scattering (SAXS) were collected from the 
sedimentary materials and air-dried. The data were obtained using an Enraf 
Nonius X-ray generator (section 2.3.6). 
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4.2.2.10 Ultraviolet and visible spectroscopy (UV-vis) 
UV-vis spectroscopy was used to measure the turbidity (r) of the solutions. 
Samples for turbidity measurements were reaction solutions of the mixture of 
Ba(AOT)2 micelles and sulfate-containing NaAOT microcmulsions. The 
turbidity as a function of time was determined by monitoring the change of the 
optical transmission with time at 600 nm (section 2.3.10). 
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4.3 Results and Discussion 
4.3.1 Description of nanofilaments 
4.3.1.1 Barium sulfate 
Isooctane mixtures of sulfate-containing NaAOT revcrsc microcmulsion droplets 
(iv = 10, [Na2SO4] = 20 to 80 mM) and Ba(AOT)2 reverse micelles (iv < 1) (molar 
ratio of [Ba2+] : [S04 2-] = 5.5 :1 to 1.4 : 1) were initially colorless and transparent 
solutions but became turbid within 24 hours at pH 7 and room temperature (18 - 
22°C), after which a white precipitate was slowly formed. TEM images 
corresponding to the precipitate showed over 95% of the particles were 
nanofilaments with high aspect ratio (Figure 4-1). The filaments emanated from 
one end of the fibre, which was usually coiled, and became more divergent as 
they increased in length towards the other tip. They often terminated along a well- 
defined uniform growth edge. At the flattened end, the filaments often dispersed 
into thin bundles or individual filaments (Figure 4-2). The filaments grew with 
time up to 20 gm in length and 20 - 200 nm in width. 
4.3.1.2 Barium chromate 
Analogous experiments involving the addition of Ba(AOT)2 reverse miccllcs (50 
mM, w< 1) to Na2Cr04 (20 to 40 mM) containing NaAOT microcmulsion 
droplets (100 mM, iv = 10) (NaAOT : Ba(AOT)2 = 50: 1, and [ßa2`] : [Cr042-] _ 
5.5 :1 to 2.7 : 1) also produced high-aspect-ratio fibrous precipitates of BaCrO4 
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Figure 4-1: TEM image of BaSO4 fibres produced by reaction in the mixture of 
sulfate-containing NaAOT reverse microemulsion droplets (w=10) and Ba(AOT)2 
reverse micelles (w < 1) at room temperature, NaAOT : Ba(AOT)2 = 50 : 1, and 




Figure 4-2: TEM images of BaSO4 fibres produced by reactions in isooctane 
solution of sulfate-containing NaAOT reverse microemulsion droplets (w = 10) 
and Ba(AOT)2 reverse micelles (w < 1) at room temperature, NaAOT : Ba(AOT)2 
= 50 : 1, and [Baz+] : [S042-] = 5.5 :1 to 1.4 : 1, showing that the filaments 
emanated from one coiled end, and became more divergent at the other tip, where 
they terminated often along a well-defined uniform growth edge. Scale bars, a) 
I µm, b) = 200 nm. 
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(Figure 4-3) (section 4.2.2.3 and Chapter 3). The BaCr04 nanofilamcnts have the 
same morphologies as the BaS04 nanofilaments. 
4.3.1.3 Barium phosphotungstate 
Analogous nanofilaments of Ba3[PW12040]2 were also produced by adding 
Ba(AOT)2 reverse micelles (50 mM, iv < 1) to NaAOT microcmulsions 
containing aqueous phosphotungstic acid (7 mM, iv = 10) to give final molar 
ratios NaAOT : Ba(AOT)2 = 50 : 1, and [Ba2+] : [PW12040 3'] =15: 1 (Figure 4-4). 
4.3.2 Identification of nanofilaments 
TEM imaged nanofilaments were characterized by energy-dispersive X-ray 
analysis (EDXA). The EDXA spectra showed the presence of Ba (4.4,4.8,5.1 
keV) and S (2.3,2.6 keV) (Figure 4-5). These results together with powder X-ray 
diffraction results (Figure 4.6) indicated that the nanofilaments synthcsiscd in the 
AOT microemulsions were crystalline barium sulfate. TEM imaged 
nanofilaments were also characterized by selected area electron diffraction 
(SAED). The results showed that these structures arc barite single crystals 
elongated along the [010] axis (Figure 4.7a), which is consistent with previous 
work. 121 Diffraction patterns were indexed according to barite reference data 
(Cambridge database) given in table 4-2. In addition, high resolution TEM 
images showed lattice fringes corresponding to BaSO4 (002) d-spacings (3.6 A) 
(Figure 4-7b). 
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Figure 4-3: TEM image of BaCrO4 fibres produced by reaction in isooctanc 
solution of chromate-containing NaAOT reverse microemulsion droplets (w = 10) 
and Ba(AOT)2 reverse micelles (w < 1) at room temperature, NaAOT : Ba(AOT)2 
= 50 : 1, and [Ba2+] : [Cr042-] = 5.5 :I to 2.7 : 1. Scale bar = 500 nm. 
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Figure 4-4: TEM image of Ba3[PW, 2040]2 fibres produced by reaction in 
isooctane solution of phosphotungstate-containing NaAOT reverse microcmulsion 
droplets (w = 10) and Ba(AOT)2 reverse micelles (w < 1) at room temperature, 
NaAOT : Ba(AOT)2 = 50: 1, and [Ba2+] : [PWi20403 ] -= 15 : 1. Scale bar -= 500 
nm. 
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Figure 4-5: Energy-dispersive X-ray analysis (EDXA) spectrum of the filaments 
showing the presence of barium and sulfur, corresponding to barium sulfütc and 









Figure 4-6: Powder X-ray diffraction (PXRD) patterns of BaSO4 filaments 
synthesized in isooctane mixtures of sulfate-containing NaAOT reverse 
microemulsion droplets (w = 10) and Ba(AOT)2 reverse micelles (w < 1) at room 
temperature, NaAOT : Ba(AOT)2 = SO: 1, and [Ba2'] : [SO42'] = 5.5 :I to 1.4 :1 
(""""""), standard BaSO4 powder (- ). 
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Figure 4-7: TEM images of single BaSO4 fibres produced by reaction in 
isooctane solution of sulfate-containing NaAOT reverse microemulsion droplets 
(w = 10) and Ba(AOT)2 reverse micelles (w < 1) at room temperature, NaAOT : 
Ba(AOT)2 = 50 : 1, and [Ba2+] : [S042 ]=5.5 : Ito 1.4 : 1. a) low magnification 
image (scale bar = 100 nm) and electron diffraction pattern showed that the 
filament elongated along the [010] axis; b) high resolution TEM image (scale 
bar 















4.3.3 The existence of AOT molecules on BaSO4 nanotiiamcnts 
High magnification TEM images showed that most of the IIaSO4 fibres consisted 
of a closely packed bundle of 20 to 50 nm-wide filaments that were co-aligned 
approximately parallel to the fibre axis (Figure 4-8). Presumably, the packing 
force was AOT molecules. To observe the influence of AOT on BaSO4 
nanofilaments, the sedimented materials were washed 6 times with isooctane to 
remove AOT. The TEM image corresponding to the washed sample (Figure 4- 
9b) showed larger spacings between the fibres comparing with unwashed sample 
(Figure 4-9a), implying that AOT molecules may exist between the filaments 
which can be removed by washing. However, for thick bundles of BaS04 
filaments, AOT molecules buried in the middle of the bundles were difficult to 
remove and therefore, fourier transform infra-red (FTIR) spectrum recorded on 
samples washed repeatedly with isooctane still showed the presence of AOT 
(vc. o, 1723 cm''; vc. it (alkyl), 2961-2900 cm''; vc(o)x(estcr), vs. o, 1181 cm-') as 
well as inorganic sulfate and sulfonate moieties (610,636,1075,1122 cm-1) 
(Figure 4-10), suggesting that the fibres were hybrid composites of closely 
associated inorganic and organic phases. This was also confirmed by TG 
analysis, which showed a 11.31% weight loss between 160 and 500°C, 
corresponding to removal of AOT. Loss of the surfactant occurrcd principally 
around a temperature of 256°C which was 18°C lower than that determined for 
purc Ba(AOT)2 (274°C ). 
Ito 
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Figure 4-8: TEM image of a bundle of BaSO4 fibres produced by reaction in 
isooctane solution of sulfate-containing NaAOT reverse microemulsion droplets 
(w = 10) and Ba(AOT)2 reverse micelles (w < 1) at room temperature, NaAOT : 
Ba(AOT)2 = 50 : 1, and [Ba2+] : [S042-] = 5.5 :I to 1.4 : 1, showed that the 





Figure 4-9: TEM images of BaSO4 fibres produced by reactions in isooctanc 
mixtures of sulfate-containing NaAOT reverse microemulsion droplets (w = 10) 
and Ba(AOT)2 reverse micelles (w < 1) at room temperature, NaAOT : Ba(AOT); 
= 50 : 1, and [Ba 2+] : [SO42 ]=5.5 :1 to 1.4 : 1. a) unwashed sample; b) washed 
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Figure 4-10: Fourier transform infra-red (FTIR) spectra of standard BaSO4 (- - -) 
and BaSO4 fibres produced by reactions in isooctane mixtures of sulfate- 
containing NaAOT reverse microemulsion droplets (w = 10) and Ba(AOT)2 
reverse micelles (w < 1) at room temperature, NaAOT : Ba(AOT)2 = 50and 











No ordered mesostructures were observed for fibres analysed by small-angle 
XRD. Taken together, the data suggested the existence of AOT molecules 
associated with BaS04 nanofilaments. 
Interestingly, some single crystalline structures were occasionally twisted and 
coiled into remarkable helical forms (Figure 4-11). Furthcr work is rcquircd to 
determine whether such structures arise from internal force fields in the 
surfactant-barite composite (non-axial strain, screw dislocations, rotational and 
topological defects, for example) or external parameters, such as shear and 
convection in the complex fluids. We also note that the AOT molecule has eight 
possible chiral forms, and although we use a mixture of these, we cannot rule out 
the possibility that the helical structures might be associated with stercosciective 
recognition of a single chiral conformation during the growth of a baritc singlc 
crystal. 
4.3.4 Temperature dependence 
The size, shape and rate of formation of the BaSO4 filamcnts were dcpcndcnt on 
the temperature of the reaction medium. At room temperature (18-22°C), the 
isooctane mixtures attained a maximum turbidity after 3 days (Figure 4-12). In 
contrast, only a slight turbidity was observed after 5 days at 4°C, whereas a turbid 
solution was visible within 4 hours at 30°C. TEM images showed only short, 
straight filament bundles at 4°C (Figure 4-13), and highly curved fibres and 
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Figure 4-11: TEM image of BaSO4 helical filament with 40 nm pitch produced 
by reaction in isooctane solution of sulfate-containing NaAOT reverse 
microemulsion droplets (w = 10) and Ba(AOT)2 reverse micelles (w < 1) at room 
temperature, NaAOT : Ba(AOT)2 = 50 : 1, and [Ba21 ]: [SO42"] = 5.5 :I to 1.4 : I. 










Figure 4-12: Change in turbidity at 600 nm (tom) with time during BaSO4 
nanofilaments growing in isooctane mixtures of sulfate-containing NaAOT 
reverse microemulsion droplets (w = 10) and Ba(AOT)2 reverse micelles (w < 1) 
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Figure 4-13: TEM images of BaSO4 fibres produced by reactions in isooctane 
mixtures of sulfate-containing NaAOT reverse microcmulsion droplets (w = 10) 
and Ba(AOT)2 reverse micelles (w < 1) at 4 °C, NaAOT : Ba(AOT)2 = 50 : 1, and 
[Ba2+] : [S042-] = 5.5 : 1, showed short and straight filaments. Scale bars = 100 
nm. 
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cone-shaped structures at 30°C (Figure 4-14). The angics of the nanoconcs were 
about 60 - 90°. Similar cone-shaped architectures have been previously rcportcd 
for BaSO4 crystallization in the presence of anionic polymers such as 
polyacrylates. 1181 In our studies, the cones only appeared at low concentrations of 
reactant ([Na2SO4] = 20 mM, pH ft 7) for temperatures between 20 and 30°C. 
Increasing the temperature to 40°C produced no BaSO4 filaments or cones, but a 
predominance of larger, dense spindle-shaped aggregates, 100 to 300 nm in length 
and 60 to 100 nm in width, consisting of disordered 5-6 nm nanoparticics which 
were separated by a distance of 2 -- 3 nm (Figure 4-15). These structures remained 
intact throughout the time course of the reaction and no filaments were observed. 
Electron diffraction analysis indicated that the spindle-shaped particles contained 
crystalline BaS04with the barite structure (Figure 4-15 insert). 
4.3.5 The influence of stirring of the reaction media on BaSO4 morphology 
After mixing sulfate-containing NaAOT reverse microcmulsion droplets (w = 10, 
[Na2SO41 = 20 to 80 mM) and Ba(AOT)2 rcvcrsc micclics (w < 1) (molar ratio of 
[Ba 2+] : [S042"] = 5.5 :1 to 1.4 : 1), the reaction media were stirred continuously 
throughout the time coUirse of the experiments at room temperature. The rate of 
growth of BaSO4 particles was faster compared with that under unstirred 






Figure 4-14: TEM images of BaSO4 crystals produced by reactions in isooctane 
mixtures of sulfate-containing NaAOT reverse microemulsion droplets (w = 10) 
and Ba(AOT)2 reverse micelles (w < 1) at 30 °C, NaAOT : Ba(AO1')2 - 50 : 1, 
and [Ba2+] : [S042-] = 5.5 : 1, showed (a) highly curved fibres and (b, c) cone- 
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Figure 4-15: TEM image of BaSO4 nanoparticles produced by reaction in 
isooctane solution of sulfate-containing NaAOT reverse microcmulsion dropicts 
(w = 10) and Ba(AOT)2 reverse micelles (w < 1) at 40 °C, NaAOT : Ba(AOT)1 
50: 1, and [Ba2+] : [S042 ]=5.5 : 1. Scale bar = 200 nm. 
121 
FF M images showed most of BaSO4 nanofilaments were short hair-like crystals 
(of length<600 nm) and unpacked (figure 4-16). The sizes of the filaments did 
not increase with time after 2 hours. 
4.3.6 Growth with time 
The BaSO4-surfactant structures formed at various stages of growth at room 
temperature were studied using TEM within 5 hours aller mixing. Initially, 
(about 1 hour) small aggregates of randomly packed 4 to 5 nm-sized electron- 
dense particles were formed prior to the deposition of the filaments (Figure 4- 
17a). The nanoparticles were approximately spherical in shape and spatially 
separated within the aggregates. No crystallographic reflections were detected by 
electron diffraction. The aggregates were generally low in contrast and thcrcforc 
difficult to image. After I hour, many of the aggregates showed the presence of a 
single electron-dense filament, 3 to 6 nm in width (2-3 hors), closely associated 
with the nanoparticle-surfactant matrix (Figure 4-17b, c). With time, other nano- 
filaments were nucleated alongside the first filament, so that filament bundle 
structures appeared (Figure 4-1 7d, e). The filaments in the bundles were 3 to 6 ºu» 














Figure 4-16: TEM image of BaSO4 disconnected bundles of filaments formed in 
stirred reaction solutions of mixtures of sulfate-containing NaAOT reverse 
microemulsion droplets (w = 10) and Ba(AOT)2 reverse micelles (w < 1) at room 
temperature, NaAOT : Ba(AOT)2 = 50 : 1, and [Ba24] : [S042-] -= 5.5 : 1, scale bar 
= 100 nm. 
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Figure 4-17: TEM images of early stages of fibre formation. (a) initially, 
unstructured aggregates of BaSO4 nanoparticles arc produced that undergo 
reconstruction into individual BaSO4 filaments (arrows); (b) and (c), 
filament 
nucleation and growth occur within a matrix of electron dense nanoparticles; 
(d) 
and (e), secondary filaments are nucleated alongside the primary thread to 
produced co-aligned bundles that constitute the fibre structure. Scale bars -= 
50 nm 
in all micrographs. 
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4.3.7 The influence of the molar ratio of reactants on BaSO4 morpholog 
BaSO4 nanofilaments were formed specifically at molar ratio of IBa`' ]: [So ,`J 
5.5 :1 to 1.4 :1 (Figure 4-18a). Under identical conditions but at the molar 
equivalence ([Ba`']: [SO4` ] 1) no filamentous structures wcrc observed, instead, 
unusual higher-order chain structures containing up to 60 nanoparticles were 
produced (figure 18b). The colloidal chain structures were 50 to 500 nnm in length 
and consisted of rectangular-shaped particles that were uniform in length (mean 
16.0 ± 1.5 nm) and width (mean = 6.0 ± 0.4 nm), and preferentially aligned so 
that the long axis of each particle was perpendicular to the chain direction. This 
remarkable coupling of synthesis and self-assembly has been described in detail 
for BaCr04 nanoparticles in chapter 3. In contrast, when a molar excess of sulfate 
was used ([Ba`']: [SO42-] =I: 5), small single nanoparticles with spherical or 
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Figure 4-18: BaSO4 products formed from AOT microemulsions at different 
molar ratios of barium to sulfate; (a) [Ba2+]: [SO42-] = 5.5 : 1, scale 
bar = 200 nm; 
(b) [Ba2+]: [SO4Z-J 1: 1, scale bar = 50 nm; (c) [Ba2~]: [SO42 ]1: 5, scale bar 
50 nm. 
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4.4 General discussion 
4.4.1 The activities of AO'I' on the formation of nanofilamcnts 
The results (section 4.3.3) clearly showed the existence of AOT molecules 
associated with BaSO4 nanofilaments. Due to the strong binding interactions 
between the sulfonate headgroups and inorganic phase, adsorption of the 
sulfonate headgroups onto the positively charged or structurally matched side 
faces aligned parallel to the [010] axis occurs once the BaSO4 crystallites are 
fomied. This adsorption inhibited the development of the side faces, also ßaSO4 
crystal growth was greatest along the [010] direction. 191 Furthermore, high 
magnification TEM images showed that each filament was separated frone its 
neighbour by a uniform spacing of 3 to 5 nm in width (Figure 4-19). This 
distance is consistent with the presence of an inter-filament hilayer of AOl 
molecules that could link adjacent threads and maintain their close proximity 
within a barite fibrous-surfactant nanocompositc. Because the stirring 
environment will disturb a bilaycr assembly of AOT molecules, interlinking of the 
filaments was not observed for samples prepared under stirred reaction solutions 
(Figure 4-16). The results suggest that co-alignnicnt of the nanofilamcnts within 
the bundle is facilitated by surfactant-surfactant packing provided that the local 
environment is unstirred and not subjected to shear and stress fields caused by 
physical agitation. 
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Figure 4-19: TEM image of fibre ultrastructure showing individual electron 
dense filaments separated by surfactant bilayers (white lines), scale bar 20 nm. 
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Clearly, AOT molecules act in two ways in the formation of nanofilamcnts. 
Firstly, the sulfonate headgroups adsorbed on positively charged or structural 
matched faces of either BaSO4, BaCr04 or Ba3[PW12040J2 crystals to inhibit the 
development of those faces and allow growth of the other faces which were 
uncoated or less coated by AOT. This might be the driving force for the 
formation of nanofilaments. Secondly, the hydrophobic tails of AOT adsorbed on 
the surface of filaments form a lamellar phase that may inducc the formation of 
bundles (Scheme 1). 
filament direction filament bundle 
i 
nanofilament 




4.4.2 Morphological evolution of nanofilaments 
The results showed that the morphology of the initial stage of nanoflaments was 
small aggregates of randomly packed 4 to 5 nm-sized electron-dense particles 
(section 4.3.6), which were approximately spherical in shape and spatially 
separated within the aggregates. These observations suggest that the nucleation 
and growth of amorphous BaSO4 clusters accompanies fusion and exchange 
between Ba(AOT)2 reverse micelles and sulfate-containing NaAOT 
microemulsion droplets. This leads to the inter-micellar aggregation of surfactant- 
coated nanoparticles to produce larger assemblies. Since the reverse 
microemulsion droplets contain on average only 0.5 to 2 SOs2. ions per droplet at 
[Na2SO4] = 20 - 80 mM, w= 10 (radius = 2.2 nm111) (scc appendix 4.1), many 
collisions and exchange processes must take place to generate the 5 nm-sized 
nanoparticles. These collisions and exchange processes are associated with 
thermal motion of the micelles and the microcmulsion droplets, might be 
influenced by thermodynamic factors, for cxamplc, tempcraturc. This was 
confirmed by performing the experiments at different temperatures. The decrease 
in reaction rate (turbidity) observed at low temperature (4°C), or the increase in 
reaction rate (turbidity) observed at high temperature (30°C), arc a conscqucncc 
of the diminished rates or increased rates of nucleation and growth, respectively, 
associated with these interactive processes. 
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However, what is the driving force that controls the relatively uniform size of the 
nanoparticles at an early stage, as well as their spatial separation within the 
secondary aggregates? One possibility is that growth continues within the water 
droplets as long as there is a substantial mobility of the AOT and water molecules 
for further exchange, until all the AOT molecules are irreversibly bound by 
electrostatic forces to the surface of the incipient inorganic cluster, and water 
molecules transferred to other microemulsion droplets. This suggests that the 
primary particles form by controlled micellar processes that arc intrinsically scif- 
terminating, which would lead to capping of the inorganic surface and blocking of 
growth. Only specific particle sizes can therefore be attained before the inorganic 
cargo becomes kinetically "locked-in" within a shell of partially immobilized 
AOT molecules. Presumably, a reduction in membrane fluidity could also be 
responsible for aggregate formation by increasing the free energy and driving 
force for hydrophobic interactions and interdigitation between colliding core-shell 
structures. Displacement of intercalated solvent molecules would then drive the 
process entropically, consistent with the observation that the degree of association 
and stability of the aggregates was significantly increased at 40 °C. 
The further evolution of the filamentous structures occurred in the reconstruction 
process of the transformation of amorphous BaSO4 to crystals. Once cstablished, 
the crystals would be unevenly coated by AOT molecules (uncoated or less coatcd 
on (010) faces). This unstable factor could be the driving force for further 
developing the filamentous structures. Moreover, the reconstruction process is 
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highly anisotropic, and the coalescence and fusion of the E3aSO4-surfactant 
nanoparticles occurs specifically at the ends of the incipient filaments. Many 
aggregates in the early stage (afer 1 hour) showed the presence of a single 
electron-dense filament (3 to 6 nm in width), which wcrc approximately the same 
thickness as the diameter of the primary nanoparticics. This implies that the 
formation of the nanofilaments is associated with the initial nanoparticlcs. 
Presumably, the amorphous or primary nanoparticlc building blocks aggregate 
into the linear structure along the (010) direction. In general, linear growth could 
represent the lowest energy configuration that couples the requirements for 
particle-particle fusion (reduction in surface free energy and increase in bulk 
lattice energy) and minimization of membrane curvature (sphere to cylinder 
transformation). Once established, the linear arrangement would be scif- 
propagating because of persistent differences in the curvature and exchangeability 
of surfactant molecules located at the ends and sides of the incipient filament. 
Clearly, this slow transformation process of amorphous BaSO. 1 to cryatallinc 
nanofilaments requires a significant degree of mobility in the local environment, 
which could explain the scarcity of filaments associatcd with the stabilized 
spindle-shaped agglomerates produced at 40 T. Presumably, hydrophobic 
aggregation occurs concurrently with nucleation, such that the primary 










Scheme 4-2 The sketch of the formation of spindle-shape nanoparticics. 
However, why did the aggregates form a spindle shape at 40 °C and why was the 
size of the spindle-shaped particles so regular? The mechanism is not clear yet. 
Similarly, a high concentration of nuclei (at [Ba2+]: [SO42-] = 1: 1) also induces 
growth in association and concurrent with the self-organization of stacked 
micellar aggregates, resulting in linear chain structures. This system was 
thoroughly discusscd in chaptcr 3. 
With the threads extended in length, other nanofilamcnts might nucleate alongside 
the first filament by hydrophobic aggregation of the surfactant molecules, such 
that a bundle of co-aligned threads is constructed within the primary aggregates 
(Figure 4-17d, e). Further growth occurs along the individual filaments and the 
filaments remain uniform in thickness, with the threads extending in length. This 
suggests that the propagation of the unit cell could proceed coherently as the 
threads extend in length by further attachment of the primary particles, and the 
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building blocks are amorphous or partially crystalline. Significantly, each 
filament is an individual unit separated from its neighbour by a bilaycr of AOT 
molecules. This was confirmed by the results observed for the stirred reaction 
solutions. 
Interestingly, the initial growth of filaments adjacent to the primary thread caused 
the bundles to curve (Figure 4-20a). One possibility is that the locking in of new 
short filaments by surfactant interdigitation generates a bending force in the non- 
attached segment of the longer primary thread. This results in the coiling of the 
bundle into a characteristic spiral-shaped structure (Figure 4-20b) which becomes 
self-terminating at one end because further addition of the primary nanoparticlcs 
is prevented by the spiral-shaped structure. The angle of rotation appeared to be 
dependent on the number of secondary nucleation events that occurred on the 
internal edge of the primary filament. For example, turns of 270° and 360° wcrc 
common; the former was associated with one principal bending event (Figure 4- 
20b), whereas the latter occurred when a second bending process was induced by 
nucleation of a new filament on the interior side of an already curved structure 
(Figure 4-20c). Away from the terminus, the bending energy decreases and the 
bundle becomes straight as the filaments bunch up and abruptly terminate against 
a uniform growth edge (Figure 4-20d). 
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Figure 4-20: TEM images of intermediate stages of fibre formation. (a) Curved bundle 
of BaSO4 filaments within a matrix of aggregated nanoparticles, scale bar 20 nm; (b) 
uni-directional outgrowth produces spiral-shaped bundles, scale bar = 100 nni; (c) 
composite fibre showing 360° bending due to at least two secondary nucleation events 
(small arrows), followed by linear outgrowth of a uniform growth front (large arrow), 
scale bar = 50 nm; (d) later stage of growth showing splaying and twisting of filament 
bundle, scale bar = 100 nm. 
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As 
The images suggest that the individual BaS04 threads develop in length until they 
reach the end of a primary aggregate, which acts as a distinct boundary for the 
growth of the filament tips. Lateral growth, however, can still take place via 
secondary nucleation of 'new filaments along the straight sections of the structure, 
provided that the surfactant"BaSO4 precursor particles arc not depleted, and this 
can give rise to the specific widening of the bundle towards the growth edge. 
As the number of filaments in each bundle increases, the structures splay 
outwards with the result that many of the bundles develop cone-shaped 
outgrowths (Figure 4-20d, 4-21a). Dissipation of strain energy arising from lateral 
packing pressure as well as increases in rigidity in the older coiled end of the 
structure, for example due to mineral ripening in the interfilament spaces, could 
be responsible for the development of the axial offset. In some structures, the 
cone segments appeared to be associated with twisting in the filament bundle 
(Figure 4-20d), or they could arise from a set of discrete secondary nucleation 
points on the growth edge (Figure 4.21 a), or both. Although the filaments were 
tightly associated within the cone-like features when formed under unstirring 
conditions, stirring the reaction medium produced partially unravelled structures 
that showed individual nanofilaments with continuous bifurcated junctions 
(Figure 4-21b). These defects, which could contribute to the splayed architecture, 
possibly arise from a line dislocation at the filament growth tip, where a lateral 
displacement equal to the radius of a nanoparticlc growth unit would produce two 
sites for further outgrowth. 
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Figure 4-21: TEM images of (a) complex filament bundle showing cone-shaped 
outgrowths and (b) disconnected filaments showing bifurcations in individual 
filaments (arrows). Scale bars = 100 nm. Samples were prepared in 
microemulsions at room temperature (18 - 22 °C), w= 10, NaAOT : Ba(AO'I')2 = 
50 : 1, and [Ba2±] : [S042-] = 5.5 : Ito 1.4: 1, [SO42-] = 20 - 80 mM, (a) without 
or (b) with stirring. 
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4.5 Conclusions 
The growth and morphological evolution of crystalline micromctre-long I3aSO4 
fibres was studied in this chapter. The fibres were synthcsiscd in a mixed solution 
of Ba(AOT)2 reverse micelles and NaAOT sulfate-containing microcmulsions in 
isooctane at iv =10 and [Ba2+] : [S042"] ,-5: I-1.4 :1 undcr unstirrcd conditions 
at room temperature. The fibres consist of bundles of IIaSO4 nanofilamcnts, and 
grow with time in length up to 20 µm, elongated along their [010] axis. These 
structures appear to be held together by interdigitated surfactant Mayers at one 
end and dispersed to thin bundles or individual filaments at the other end. Similar 
experiments at 4,30 and 40 °C produced short straight filament bundles, highly 
curved and cone-shaped structures, and spindle-shaped aggregates, respectively. 
The morphological evolution involves nucleation, reconstruction and hydrophobic 
aggregation of interfilaments. The first stage involves the nucleation of 5 nm size 
amorphous particles and then reconstruction of a single 5nm-widc BaSO4 crystal 
filament, followed by further filaments parallel to the primary thread. Co- 
alignment of the filaments results in coiling of the bundle to give a sclf- 
terminating spiral-shaped structure, several hundred nanomctres in size. Uni- 
directional linear outgrowth from the open end eventually gives rise to 
macroscopic fibres that often become splayed into cone-shaped features. 
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The formation of complex micromctre-long BaSO4 filamcntous structures from 
organized reaction media confined to the nanoscalc represents an emergent 
process that transcends various length scales. This phenomenon is not limited to 
the BaSO4 systems; it is also observed for BaCr04, Ba3[PW12Oao]2, CaSO4131 and 
BaC0311°1, suggesting that the evolution of such structures could have a gcncric 
basis. Scheme 4-3 summarizes a possible mechanism for the development of 
morphological complexity based on the results reported in this work. Initially, 
intramicellar nucleation leads to self-limiting fusion and exchange through 
reductions in membrane fluidity due to surface adsorption. This controls the size 
and monodispersity of the surfactant-encapsulated BaSO4 nanoparticics and 
enhances their inter-micellar association into loosely associated aggregates that 
slowly transform internally into co-aligned bundles of 5 nm-wide nano-filaments. 
The filaments grow through the linear coalescence and fusion of the primary 
nanoparticle building blocks, which results in displacement of AOT molecules 
and formation of a surfactant bilayer between the IIaSO4 threads. The high 
anisotropy could be driven by strong coupling of lattice and curvature energies 
specifically for linear association, and propagated by differences in the case of 
displacement of bound and unbound surfactant molccules along the cdgcs and tips 
of the developing filament. Furthermore, the early stages of growth of the co- 
aligned filaments may result in a bending force that produces a spiral-shaped 
bundle, one end of which is blocked from further development. Growth away 
from this structure proceeds in an approximately linear fashion and is abruptly 
terminated at the boundary of the surrounding primary aggregate. Lateral growth 
139 
continues via secondary nucleation of new filaments such that the bundle widens 
principally at the growth edge. The structures then splay outwards with the 
development of cone-shaped outgrowths, possibly due to lateral packing pressure 
as well as line defects that give rise to bifurcation at the growth tips of individual 
filaments. 
Finally, it is important to emphasize that the filamentous structures were 
specifically formed when the [Ba2+] : [S04 2-] molar ratio was greater than 1.0. 
Under these conditions, there is an excess of barium in the reaction system and 
the primary BaSO4 nanoparticles are positively charged. This results in a strong 
electrostatic interaction with the anionic AOT surfactant headgroups to produce 
the surfactant"nanoparticle aggregates that are the key intermediates for filament 
formation. In contrast, these interactions are less significant at molar equivalence 
(neutral surface charge), or for stoichiometries with excess sulfate (negative 
surface potential), with the result that no nanoparticle aggregates arc formed. 
Consequently, no filamentous structures are observed under these conditions; 
instead, discrete nanoparticles are formed which under conditions of molar 
equivalence are self-assembled in solution into unusual higher-order structures 
such as long linear chains. This remarkable coupling of synthesis and self- 
assembly has been described in detail for BaCr04 nanoparticies in chapter 3. 
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Scheme 4-3: Proposed model for the formation of the BaSO4 nanof lament bundles. See 
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Calculation of number of reactant molecules in each NaAOT microemulsion 
droplet 
Vm Volume of one microemulsion droplet (nm3 or L) 
R. Radius of microemulsion droplet (nm) 
Mr Molarity of reactants (mol"L"') 
Nr Number of reactant molecules (Na2SO4 or Na2Cr04 or H3PW12040) in 
each NaAOT microemulsion droplet 
For spherical microemulsion droplet 
Vm =3 -n-Rm3 (nm3) 
Vm =3 "n"Rm3 x 10'24 (L) 
Nr = Mr Vm x 6.023 x 1023 
Nr = Mr- 3 i7t"Rm3 x 
10'24 x 6.023 x 1023 
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Chapter 5 
Synthesis of Prussian blue nanoparticles and 
nanocrystal superlattices in reverse 
microemulsions 
(Published in Angew. Chem. Int. Ed., 39,1793-1796,2000) 
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5.1 Introduction 
Prussian blue was first made accidentally in 1704; it was then used for dying 
fabrics and in a non-silver photographic printing process. Prussian blue is 
essentially ferric ferrocyanide, but there exists a whole range of such iron blues, 
having compositions depending on their precise method of preparation. At the 
molecular level, they all have in common a characteristic cubic structure, but this 
lattice can accommodate variable amounts of water and metal ions within it, so 
formulae range from MFe[Fe(CN)6]. 5H20 to Fe4[Fe(CN)6]3.15H20, (M = Li, Na, 
K, NH4111 Among known molecular magnets, Prussian blue and related 
cyanometallates-based coordination polymers offer a range of compounds with 
unique versatility. The variety of structures and related magnetic properties of 
this family of compounds have been extensively investigated12-31 and recently 
reviewedJ41 Although much work has focused on the relationship between the 
unit-cell structure and magnetic properties, relatively few attempts have been 
made towards understanding and controlling the growth mechanism of these 
magnetic coordination polymers. Periodically banded arrangements (Licsgang 
bands) have been produced previously for the precipitation of Prussian blue on 
perfluorinated membranes. 151 Similarly, a dissipative structure has been briefly 
reported. 161 More recently, incorporation of Prussian Blue in surfactant- 
containing systems has also been reported, such as Prussian blue inside DODA 
LB films, [7 81 and Prussian blue formation inside DDAJ3 lamellar vcsiclcs. 191 
Herein we coupled synthesis of Prussian blue with reverse microcmulsions 
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prepared from the anionic surfactant sodium bis(2-cthyhcxyl)sulfosuccinatc 
(AOT) to produce nanoscale particles. A related material, [Cu2 (Fc(CN)6) ], has 
been recently synthesised in AOT reverse microcmulsion media, although the 
resulting nanoparticles were highly disorganized. 1101 
Synthesis of cyanometallate polymers is usually simple. Most methods arc based 
on aqueous chemistry. The synthesis might be direct (mixing of the reactants) or 
indirect (mixing of one reactant with one precursor which can become the second 
reactant by oxidising or reducing in-situ). Photoformation of Prussian blue is an 
indirect synthesis which has been thoroughly investigated as an alternative 
photographic printing proccss. 1" 11 
Organic supermolecular templates and organized reaction media have been 
recently used for controlling synthesis of traditional inorganic solids, such as 
silica, 
[12-14) 
calcium carbonate, [' 5,16) barium chromate, [171 and iron oxides. 
118.191 
These processes allow the control of properties such as particle size, particle 
shape, surface texture, and organization to be integrated directly into the synthesis 
method. Such a method could be also applied to molecular-based magnets like 
Prussian blue. 
In this chapter we show that using an organic template confines the synthesis of 
Prussian blue nanoparticlcs. Uniform shape and size of Prussian blue 
nanoparticles can be routinely prepared by injecting the reaction precursor into 
146 
nanoscale AOT reverse microemulsion droplets in the oil phase. The growth of 
the nanoparticles within the restricted reaction field is controlled by multistcp 
processes involving the slow photoreduction of [Fe(C204)j]3- to produce Fc" ions 
that subsequently react with [Fe(CN)6]3- ions to generate nuclei and clusters of 
Prussian blue encapsulated within the water droplets. Growth of the molecular 
magnet occurs by further exchange and fusion between microemulsion droplets to 
produce Prussian blue nanoparticles. Surfactant AOT molecules adsorbed on the 
surface of the nanoparticles thereby produce hydrophobic Prussian blue 
nanoparticles suspended in the oil phase. Moreover, the highly hydrophobic 
surface properties of Prussian blue nanoparticles enable the facile preparation of 





Scheme 5-1 Cubic Prussian blue nanoparticles self-assembled into a superlatticc 
structure by hydrophobic interaction of AOT molecules. 
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5.2 Materials and Methods 
5.2.1 Materials 
All materials were of analytical grade (purity >98%) and used without further 
purification. 
Table 5-1 Chemicals used in this chapter 
Common Chemical name Formula Molecula Supplier 
name weight 
ammonium (NH4)3[Fe(C204)j]" 428.0 Aldrich 
iron(III) oxalate 3H2O 
potassium K3[Fe(CN)6] 329.0 Aldrich 
ferricyanide 







444.6 1 BDH 
114.0 1 Aldrich 
5.2.2 Methods 
5.2.2.1 Preparation of the mixture of ammonium iron(I11) oxalate and 
ammonium ferricyanide solution (the precursor solution of Prussian blue) 
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Prussian blue was prepared as the mixed valence ammonium cyanomctallatc 
[(NH4), Fey{Fe(CN)6}]; x+ 3y =4 according to a reported mcthod. 111 Ammonium 
iron(III) oxalate {(NH4)3[Fe(C204)3]"3H20, MW = 428; 2.568 g, 6 mmole} was 
dissolved in hot distilled water (3 ml. 50 °C) contained in a foil-covered flask. 
Finely powdered potassium ferricyanide (K3[Fe(CN)6, MW - 329; 0.987 g3 
mmole) was then added to the solution while it was still hot with vigorous stirring 
for 20 minutes, and then sonicated for 2 minutes. The solution was left to cool in 
the dark for several hours. The reaction is as follows: 
2 (NH4)3[Fe(C204)31 + K3[Fe(CN)6] - 
K3[Fe(C204)3J (solid) + (NH4)3[Fe(C204)j] + (NH4) 
Green crystals of K3[Fe(C204)3] were removed by filtration in the dark from the 
mixture of (NH4)j[Fe(C204)3] and (NH4)j[Fc(CN)6] solutions. We used this 
procedure specifically to remove potassium ions from the reaction mixture as 
ammonium cyanometallate is significantly more stable than the potassium salt of 
Prussian blue. The solution was then diluted to 10 ml with distilled water to give 
an equimolar mixture of (NH4)3[Fe(C204)3] and (N114)3[Fe(CN)6] at a 
concentration of 0.3 M. 
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5.2.2.2 Preparation of Prussian blue nanoparticlcs in reverse microemulsions 
A small amount (0.09 - 0.36 ml) of the mixture of ammonium iron(III) oxalatc 
and ammonium ferricyanide aqueous solution (0.01 - 0.3 M in water) was added 
to an isooctane solution of NaAOT (10 ml, 0.1 M) at room temperature in the 
dark to produce an AOT water-in-oil microemulsions at the molar ratio of water 
to NaAOT (w) of 5- 20. Yellow transparent solutions were observed in the 
beginning. Higher water levels (w = 15 - 20) resulted in a slight phase separation 
of the water in the microemulsion solutions due to the high ionic strength of the 
reaction solutions. This separation could be prevented by using lower 
concentrations of the reactants. The microcmulsion was exposed to daylight for 
various periods to slowly photoreduce the [Fe(C204)3]3- ions to [Fe(C204)3]4 , 
which serves as a source of Fell ions for treatment with aqueous [Fc(CN)6]3'. This 
latter process is analogous to the Turnbull method for producing Prussian blue, so 
that the solutions gradually turned into blue transparent solutions from yellow 
transparent solutions in two days. 
2[Fenl(C204)3]3 tiý 2[Fell(C20a)2]2. +C204 2- + 2CO2 (g) 
[Fem(CN)6]3- + [Fcll(C204)212- ) [Fcu"{Fc11(CN)6}]1' + 2C2042- 
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Control experiments used equivalent amounts of the (N114)j[Fc(C204)j] and 
(NH4)3[Fe(CN)6] as an aqueous mixture (0.3 M) added to 10 ml of isooctanc or 
water in the absence of NaAOT. 
5.2.2.3 Transmission electron microscopy (TEM) 
Samples for transmission electron microscopy (TEM) were collected directly 
from the blue transparent microemulsion solutions over two weeks, and deposited 
onto formvar-coated, carbon-reinforced, 3 mm diameter, copper electron 
microscope grids, then air-dried. 
TEM analysis was performed in bright field mode using a JEOL 1200EX electron 
microscopy operating at 120keV (section 2.3.1). Selected area elcctron 
diffraction (SAED) (section 2.3.2) and energy-dispersive X-ray analysis (EDXA) 
(section 2.3.3) were also used to characterize the samples imaged by TEM. 
5.2.2.4 Ultraviolet and visible spectroscopy (UV-vis) 
Samples for Ultraviolet and visible spectroscopy (UV-vis) were taken from blue 
transparent microemulsion fluids over two wccks. UV-vis measurements were 
carried out with a PERKIN ELMER Lambda II UV-vis spectrometer equipped 
with Perkin Elmer UV Winlab (Version 1.1) computer software (section 2.3.10). 
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5.2.2.5 Fourier Transform Infrared spectroscopy (iTIR) 
Samples for FTIR were taken from the blue fluids containing Prussian blue 
nanoparticles in one week following precipitation with a polar solvent (ethanol). 
This was consistent with the presence of hydrophobic tails of AOT on the surface 
of Prussian blue nanoparticles. After centrifugation, the blue precipitate was air 
dried. The spectra were recorded at 4000-400 cm" wavenumbers using KBr 
discs. Fourier Transform Infrared analysis was performed with a PERKIN 
ELMER Spectrum One spectrophotometer (section 2.3.9). 
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5.3 Results and discussions 
5.3.1 Description of Prussian blue nanoparticles 
AOT reverse microemulsions containing 0.3 M ammonium iron(III) oxalatc and 0.3 M 
ammonium ferricyanide aqueous nanodroplets at w=5- 20 were transparent yellow 
fluids that were stable in the dark at room temperature. Exposure of the 
microemulsions to daylight transformed them to a transparent blue solution in two 
days and no precipitate was observed for two weeks. TEM images corresponding to 
the samples taken from the blue microemulsions (w = 15) after four days showed the 
presence of cubic nanoparticles with a uniform shape and size (figure 5-1a). The 
crystals have a characteristic length of 16 nm on average, a narrow particle size 
distribution Q=2.7 nm (Figure 5-1b), and a regular cubic morphology consisting of 
well-defined faces. The particles self-assembled into two dimensional or three 
dimensional highly ordered superlattices that were organized in domains up to 200 nm 
in length containing 60 - 100 nanoparticles. The individual nanoparticics were 
separated by a regular 2 or 3 nm spacing, which is consistent with a bilaycr of AOT 
molecules1171(Scheme 5-1). 
In contrast, the results of the control experiments were remarkably different. 
Synthesis in water alone gave a turbid green solution and a blue bulk precipitate 
that consisted of large (100 - 250 nm) discrete cubic particles with a broad size 
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Figure 5-1 a) TEM image of cubic Prussian blue nanoparticles formed in AOT 
microemulsion at w= 15 showing self-assembled 2-D and 3-D superlattices, scale 
bar = 100 nm; b) Particle size distribution corresponding to a); c) Electron 





Figure 5-2 TEM image of Prussian blue particles from control experiment 
prepared in water without surfactant, scale bar = 100 nm. 
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Reaction in isooctane without AOT produced a separated aqueous blue phase 
containing crystals similar to those formed in pure water. No product was 
associated with the isooctane phase. 
5.3.2 Identification of Prussian blue nanoparticles 
TEM imaged Prussian blue nanoparticles were characterized by selected area 
electron diffraction (SAED). Although the nanoparticles were, to some extent, 
sensitive to the electron beam, electron diffraction patterns from the supcrlatticc 
structures showed rings, corresponding to d-spacings of 2.3,2.5,3.6 and 5.1 il 
(Figure 5-1c), which is consistent with the Prussian blue cubic crystal structure; 
unit cell parameters a=1.013 nm. 1201 TEM imaged nanoparticics were also 
characterized by energy-dispersive X-ray analysis (EDXA). The EDXA spectra 
showed the presence of Fe (6.4 KeV) and S (2.3 KcV), respectively (Figure 5.3). 
This sulfur signal should be from the sulfonatc hcadgroups of AOT molecules, 
this conformed the presence of AOT in the Prussian blue nanoparticics array. 
Furthermore, UVNis absorption spectra of the blue fluids showed a broad band at 
680 run (Figure 5.4) consistent with Prussian bluc 
(Fell [(t2g)3(e8)2]Fell [(t2g)6] }4 {Feu[(t2g)4(ca)2Fent[(t2g)5] } 
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Figure 5-3 Energy-dispersive X-ray analysis (EDXA) spectrum of the 
superlattice structure showing the presence of iron and sulfur, corresponding to 
Prussian blue crystals and AOT surfactant, respectively. Copper peaks arc 












Figure 5-4 UVNis absorption spectrum of Prussian blue microcmulsion fluids 
showed a broad band at 680 nm. 
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electron transition. 1211 FTIR spectra contained a major band at 2069 cm's (Figure 
5-5) that corresponds to the Fe-CN stretching mode in the cyanomctallate lattice. 
All the results indicated that the nanoparticles synthcsiscd in the AOT 
microemulsion were typical Prussian blue crystals, but the sizc was remarkably 
different from that synthesised in the absence of surfactants. 
5.3.3 The influence of water content (iv) of the microemuisions on Prussian 
blue nanoparticles 
The size and the superlattice domains of Prussian blue nanoparticles synthesized 
in AOT microemulsions were dependent on the water content (w value, the molar 
ratio of water to surfactant) of the microemulsion droplets. The size of discrete 
cubic nanoparticles was increased with increasing w value in the range of w= 10 
- 20 under the investigated conditions. The nanoparticles synthesized at wv = 10 
were homogeneous in size (mean 12 nm, a=1.4 nm) and self assembled into 
small superlattice domains, often consisting of only four to twcnty nanoparticlcs 
(Figure5-6a). At w =15, Prussian blue cubic nanoparticlcs were uniform in size 
(mean 16 nm, a=2.7 nm) and self-assembled into two dimensional or thrcc 
dimensional highly ordered superlatticcs that were organized in domains up to 










Figure 5-5 FTIR spectrum of Prussian blue nanoparticics showing a major band 
at 2069 cm'', that corresponds to the Fc-CN stretching mode in the 
cyanometallate lattice. 
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Figure 5-6 TEM images and the particle size distributions of Prussian blue 
nanoparticles prepared in AOT reverse microemulsion at a) w _= 10; h) w= 15; c) 
w=20. Scale bars= 100 nm. 
'ý 
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Discrete particles were larger in size (mean 18 nm, a=2.1 nm) when synthesized 
at w= 20, but the superlattice domains were similar as that of w- 15 (Figure 5- 
6c). No nanoparticles were observed at w=5, most probably because there is 
only sufficient amount of water for AOT headgroup hydration (reverse miccllcs) 
under these conditions. 
5.3.4 Time dependence 
Formation of the 2-D square superlattice structures from the microcmulsion media 
was time dependent. For example, at w= 15 and from 0.3 M reaction solution, 
samples taken for TEM analysis after two days showed discrete cubic 
nanoparticles but no long-range ordering (Figure 5-7a). These particles were 
smaller and more heterogeneous in size distribution (mean 14 nm, a=4.9 nm) 
than those collected after four days, which showed well ordered superlattice 
structures and a narrower size distribution (mean 16 nm, Q=2.7 nm) (Figure 5- 
7b). Prussian blue nanoparticles collected from the same microemulsion fluid 
after two weeks were slightly larger (mean 18 nm, a=2.1 nm) but the domain 
length of superlattices was reduced (Figure 5-7c). These results indicated that the 
formation of cubic Prussian blue nanoparticlcs was a slow process, which relates 
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Figure 5-7 TEM images and the particle size distributions of discrete Prussian 
blue nanocrystals formed a) after two days from AOT microcmulsions at w= 15; 
b) after four days showing superlattice structures; c) after two weeks showing 
well defined crystals but small superlattice domain sizes. Scale bars = 100 nm. 
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5.3.5 Investigation of the concentration of both reactants in reverse 
microemuisions 
The size of the individual Prussian blue nanoparticlcs synthcsizcd in AOT rcvcrsc 
microemulsions was dependent on the concentration of both the ammonium 
iron(III) oxalate and ammonium ferricyanide solutions. No significant changes in 
size (mean 16 nm) were observed between concentration values of 0.1 - 0.3 M at 
w= 15. However, at lower concentration (0.05 M), a pale blue transparent 
solution was observed after exposure to daylight for two days, which then 
transformed into a transparent yellow solution and blue precipitate after three 
days. The TEM images showed the presence of regular, cubic Prussian blue 
nanoparticles in the precipitate. The particles had a mean size of 39 nm (Q = 6.1 
nm) and self assembled into superlattice domains (Figure 5-8a). No blue color 
developed in the microemulsion at reactant concentrations of 0.01 M, although a 
small yield of superlattice structures, consisting of cubic particles with an average 
size of 54 nm (a = 4.2 nm), were observed (Figure 5-8b). This observation 
indicates that below a threshold value of 0.1 M, lower reactant concentrations 
result in fewer crystals of significantly larger dimensions. This is consistcnt with 









Figure 5-8 TEM images of Prussian blue nanoparticles and superlatticcs at w= 
15 and reactant concentration of a) 0.05 M and b) 0.01 M. Scale bars = 100 nm. 
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5.4 Final discussion 
The results clearly indicated that the formation of the cubic Prussian blue 
nanoparticles is dependent on various factors such as 
" the rate of nucleation (photoreduction rates), 
"w value and 
0 the reactant concentrations in the water droplets. 
The complete formation of the cubic Prussian blue nanoparticles was a slow 
process (needs about four days in daylight) related to nucleation and growth. 
Photoreduction of [Fe(C204)3]3- produces Fe° ions that subsequently react with 
[Fe(CN)6J3' ions to generate nuclei and clusters of Prussian blue encapsulated 
within the water droplets. Growth of the molecular magnet occurs by further 
exchange and fusion between microemulsion droplets to produce Prussian blue 
nanoparticles. The mean size of the cubic Prussian blue nanoparticlcs was 
increased from 12 nm to 18 nm on increasing the w value from 10 to 20; the 
related NaAOT microemulsion droplets were 2.2 - 3.2 nm in radius. 
1171 
Comparing the volume of cubic nanoparticics (4096 nm3,16 nm in size) with that 
of NaAOT microemulsion droplets (82 nm3, radius a 2.7 nm) at w= 15, the 
nanoparticles were 50 times larger than the water droplets. Moreover, at the 
reactant concentration of 0.3 M and w= 15, there arc approximately 15 ions of 
[Fe(C204)3]3' and 15 ions of [Fc(CN)6]3- in each water-filled droplet cage. A 4096 
nm3 nanocrystal contains approximately 4000 unit cells, that is 16,000 [Fc(CN)6]4 
and 16000 Fc(III) ions. This means that at least 1000 complete transfers would 
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have to take place to produce crystals of the size obscrvcd. It rcmains uncicar 
why the particle size - is so uniform. One possibility is that, for a given 
concentration range, nanoparticle growth is scif-limiting because of 
thermodynamic constraints imposed by restrictions in the membrane curvature 
arising from the limited numbers of water molecules that can be redistributed 
around the crystal surfaces. 
The mature Prussian blue nanoparticles were always observed by TEM as 
superlattice structures rather than individual particles at w= 15 - 20. Such a large 
degree of self-assembly* into superlattice domains is a direct consequence of the 
high concentration of Prussian blue nanoparticles with regular morphology and 
narrow size distributions, produced specifically by undertaking the reaction in 
organized media. The hydrophobic surface of the nanoparticlcs induced the self- 
assembly of the superlattice by a facile process in which the hydrophobic 
interactions between the surface-adsorbed AOT molecules dominate are the 
interparticle forces during solvent evaporation from the TEM grid. Hlowever, the 
developing nanoparticles (after two days, Figure 5-7a) did not produce 
superlattice structures, possibly because the broad sizc distribution of the 
nanoparticlesobserved at this stage. 
The use of in situ photoreduction to prepare molecular magnet nanoparticlcs and 
superlattices from microcmulsion fluids could have general applications in photo- 
patterning processes. For example, photo-formation of Prussian blue has been 
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investigated as an alternative photographic printing mcthod, 1211 and is particularly 
important when localized reactions and homogenous seeding arc required. 
5.5 Conclusions 
This work shows that organic supermolecular templates and organized reaction 
media, which have been applied to many traditional inorganic solids for 
controlling particle size- and shape, can also be applied to the molecular"bascd 
magnet Prussian blue. 
We have developed a method to control the growth of Prussian blue and to 
organize the particles. Hydrophobic cubic nanoparticlcs with a narrow size 
distribution can be obtained using this method and the nanoparticics arc able to 
self-assemble into a well-defined square superlattice. Thus, it is possible to 
achieve the synthesis of discrete particles of a molecular magnet material and 
order them into a superlattice in one step. This method has also been successfully 
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Chapter 6 
Synthesis of BaSO4 Nanoscale Spherical Hollow 




Synthesis of nanoparticles is an emerging field in material science, as small scale 
structures exhibit novel and useful material properties that differ from bulk 
properties. A large number of nanosize materials have been synthesised, such as 
silica, 11-2) silver, (3-51 copper, 16-101 copper sulfide, 11 121 silver sulfide, »13451 barium 
chromate, 1161 barium sulfate, » 7' cobalt, 1181 silver chloride, 1191 semiconductor clusters 
Cd1. yMnyS[201 and CdyZn1. yS, 
(21) platinum '122-231 and gold colloids. 
124) The major 
approach for synthesis of nanomaterials consists of using surfactant assemblies or 
copolymers as growth directing agents. The actual morphology of the final materials 
depends on the curvature of the templating assembly. At one extreme, a synthesis 
taking place inside surfactant aggregates of strong negative curvature will lead to 
discrete nanoparticles (as exemplified by the extensive use of AOT reverse 
microemulsions); conversely if the growth occurs outside surfactant aggregates of 
positive curvature, porous solids will be formed. For example, precipitation from 
the mixture Zr(S04)2/cctytrimcthylammonium bromide has recently been shown to 
form ordered hexagonal mesophases. 1251 Most nanomatcrials arc synthesised using 
either cationic or anionic surfactants as templates. Very limited work has been done 
in the presence of both cationic and anionic surfactants. Lisiccki et al (1995) have 
added cetytrimethylammonium chloride (CTAC) to AOT microcmulsion to control 
the size of copper nanoparticlcs, 1261 and Jcunicau et al (1999) have added 
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hexadecyltrimethyl-ammonium bromide (CTAB) to AOT microcmulsion to 
increase the stability of silver halide nanoparticles. J271 
Under appropriate conditions a mixture of an anionic and a cationic surfactant is 
known to produce a salt -a so-called catanionic surfactant. Supramolccular 
behaviour of catanionic surfactants has been reviewed1281 but no attention has been 
paid to the synthesis of inorganic salts evolved during mixing of the two surfactants. 
The growing scientific and technological interest in nanosize particles is fuelling a 
quest for new synthesis methods. In this work, we report for the first time a new 
method that produces BaSO4 spherical nanoscale hollow particles (nanoshells) 
formed by reaction of aqueous hexadecyltrimethylammonium sulfate [(CTA)2S041 
micelles with barium bis(2-ethylhexyl) sulfosuccinate [Ba(AOT)2] reverse micelles 
in isooctane. Surfactant (CTA)2S04 forms micelles in water with S042- anions 
associated to some extent with the surface of the micelles (scheme 6-1). In contrast, 
Ba(AOT)2 forms reverse micelles in isooctanc (sclheme 6-1). If these two 
functionalised surfactants are mixed, BaS04 crystals could form between the two 
surfactants. Furthermore, because of the positive curvature of CTA aggregates and 









a) mix with stirring 




Scheme 6-1. Sketch of the synthesis process for BaSO4 spherical hollow 
nanoparticles. a, Ba(AOT)2 reverse micelle in isooctane. h, (CTA)2SO4 micelle in 
water. c, BaSO4 hollow particles template by two surfactants. 
Traditional methods of synthesis of hollow spheres involve spherical templates such 
as colloidal particles. A thin coating of inorganic material is formed on heads to 
create a core-shell composite, and subsequent removal of the template by 
calcination or selective etching in an appropriate solution generates hollow spheres 
whose inner diameter is determined by the size of the template, typically a few 
hundred nanometres to few micrometres in size. The colloidal particles that have 
been used include nanoscale gold, silver, CdS and microscalk silica or polymer 
beads. 130-341 Compared with these existing methods, the work described in this 
chapter aims to develop a direct one-step synthesis route to nanoscale hollow 
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inorganic spheres. Such materials could he useful in many areas especially in 
delivery of drugs (150-200 nni in external diameter), " "" development of artificial 
cells, and protection of biologically active agents such as proteins, entynles or 
DNA. 1371 They might also be useful as carriers of perfumes (2-15 µm in external 
diamctcr)1381 
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6.2 Materials and Methods 
6.2.1 Materials 
All materials were of analytical grade and used without further purification. 
Table 6-1 Chemicals used in this chapter 
Common Chemical name Formula Molecular Supplier 
name weight 
CTAB hexadecyltrimethyl C19H42N Br 364.0 Aldrich 
ammonium bromide 
silver sulphate 




Ag2SO4 311.8 Aldrich 
C20H37O4SO3Na 444.6 BDH 
BaC12 208.2 Aldrich 
AgNO3 169.9 Aldrich 
isooctane 2,2,4-trimethyl C8H18 114.0 Aldrich 
pentane 
6.2.2 Methods 
6.2.2.1 Preparation of surfactants 
A Ilexadecyltrimethylammonium sulphate ((CTA)2S041 
C113 
C i± CH3 JZ SO4- 
CH3 
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(CTA)2S04 (MW = 665) was prepared from hcxadccyltrimcthylammonium bromide 
(CTAB) by metathesis using solid silver sulphate in methanol followed by 
recrystallization from acetone-methanol . 
139,401 In a light"protectcd flask, 3.12g of 
white powdered Ag2SO4 was added to 100 ml of a 0.2 M CTAB mcthanolic solution 
under stirring, which leads to immediate precipitation of yellow Agl3r. The reaction 
mixture was sonicated for 5 minutes and then kept under stirring for a further two 
hours. After centrifugation, acetone was added to the supcmatant until a white 
precipitate appeared. The product was filtered and the white (CTA)2SO4 powder was 
dried under vacuum for 2 days. The product was dissolved in water and titrated with 
AgN03 aqueous solution, no yellow AgBr precipitate was observed. The product was 
titrated with BaCl2 aqueous solution, and a white BaSO4 precipitate appeared 
immediately, implying that ion exchange S042" against BC was complete. The FTIR 
spectrum (cm"1) showed: 2945(sh), v. s(c13); 2919(vs), v, s(cII3); 2849(vs), v , (c,, 2); 
1467(m), 5s(cit2); 1221(m) V(eRinal(s. o) 1190(sh), v3a(s-o); 1054(m), v3b(s. o); 960- 
870(w), v1(s. ) and v(N. cI, 3); 589(m), v4(s. 0)141421 (Figurc 6-14h). Mass spcctromctry 
showed that the molecular weight of the exchange product was 665. M. S., Fast Atom 
Bombardment result; (FAB) (+) m/z: 666,20% (CTA2SO4H]+; 284,100% [CTA] 
The protonatcd molecular peak present when CTA is associated to S042- anion has no 
equivalent in FAB spectrum of CTABr. 
B Barium bis(2"ethylhexyl) sulfosuccinate (Ba(AOT)iI 
Ba(AOT)2 (MW = 980) was prepared by direct reaction of sodium AOT and barium 
chloride in wateý 171(section 3.2.1.2). 
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6.2.2.2 Preparation of barium sulphate nanoshells 
Typically, 5 ml of Ba(AOT)2 transparent isooctane solution (4 mM) was added to 
10ml of (CTA)2S04 transparent aqueous solution (4 mM) with gentle stirring to 
give a very milky liquid. After standing on the bench at room temperature for 24 
hours without stirring, three layers were observed in the solution. The top layer 
was a clear organic solution, the middle layer was a white milky liquid and the 
bottom layer was a turbid aqueous solution. Characterization was performed on 
each layer. The nanoshells were contained in the top and middle layers. 
6.2.2.3 Characterization 
A. Transmission Electron Microscopy (TEM): samples for TEM were 
collected separately from each layer of the solution and deposited onto Formvar- 
coated, carbon-reinforced, 3 mm diameter, copper electron microscope grids. For 
the samples from the top and second layers, the grids were washed with pure 
isooctane after being air-dried. For the samples from the bottom layer, the grids 
were washed with water. TEM analysis was performed in bright field modc using 
either a JEOL 2000 FX high-resolution electron microscope operating at 200 kcV 
or a JEOL 1200 EX electron microscope operating at 120 kcV (section 2.3.1). 
The imaged crystals were characterized by selected area elcctron diffraction 
(SAED) (section 2.3.2) and cncrgy-dispcrsivc X-ray analysis (EDXA) (section 
2.3.3). The former were indexed with reference to the unit ccll of barium sulphate 
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a, b, c, = 8.909,5.467,7.188 A (Table 4-2). Particle size distributions were 
calculated by TEM image analysis. 
B. Fourier Transform Infrared (FTIR) analysis was performed with a 
BRUKER IFS25 spectrophotometer. Samples for FTIR were taken from the top 
and the middle layers that were precipitated with a polar solvent (ethanol). Attcr 
centrifugation, the precipitate was washed gently with ethanol to remove free 
AOT molecules, and air-dried. FTIR measurements were performed using K. ßr 
discs. 
C. Dynamic Light Scattering (DLS) was performed with a Matvcrn 
Autosizer 4700 at 532 nm and 90° detector angle. Samples for DLS were 
(CTA)2S04 micelles in aqueous solution. Prior to measurement all samples has 
been filtrated through a 0.2 µm membrane. 
179 
6.3 Results and Discussion 
6.3.1 Description of hollow particles 
5 nil of Ba(AOT)2 transparent solution ( 4mM in isooctanc) was added to I Oml of 
(CTA)2SO4 aqueous transparent solution (4 mM) with gentlc stirring to givc a 
very milky solution with final molar ratio Ba(AOT)2/(CTA)2S04 =I: 2. ARcr 
standing at room temperature for 24 hours without stirring, three layers were 
observed in the solution. The top layer was a transparent organic solution and the 
bottom layer was a turbid aqueous solution. The middle layer between the organic 
and inorganic phases was a white milky liquid. TEM images corresponding to 
samples removed from the top layer showed individual spherical hollow 
nanoparticles (Figure 6- 1a and 6-2) with 9.6 ± 1.5 nm external diameter (Figure 
6-1 b) and 3.4 ± 0.3 nm internal diameter (Figure 6-1 c). The shell thickness is 3.1 
nm (Scheme 6-2). 
3.4 nm 9.6 nm 
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Figure 6-1. (a) TEM image of BaSO4 nanoshells prepared in the presence of two 
functionalized surfactants (CTA)2SO4 (4 mM in H20) and Ba(AOT)? (4 mM in 
isooctane). Sample was taken from top layer. Scale bar == 50 nm. (h) histogram 
of external diameter and (c) internal diameter of BaSO4 nanoshells. 
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Corresponding samples from the middle layer showed spherical hollow 
nanoparticles with the same external and internal diameters as the top layer but 
the particles were more aggregated (Figure 6-3a). Samples from the bottom layer 
showed BaSO4 particles with irregular shape and size (50-350 nm) (Figure 6-4). 
6.3.2 Identification of hollow particles 
TEM imaged hollow particles were characterized by energy-dispersive X-ray 
analysis (EDXA). The EDXA spectrum indicated the presence of Ba (4.4,4.8, 
5.1 KeV) and S (2.3,2.6 KeV) (Figure 6-3b). Imaged hollow particles were also 
characterized by selected area electron diffraction (SAED). Typical barium 
sulphate d-spacings 4.35A (011), 3.91A (111), 3.45A (210), 3.34A (102), 
3.12A 1211) and 2.74A {301) indexed according to Baritc reference data 
(Cambridge database) (Table 4-2) were obtained by measuring the diffraction 
pattern (Figure 6-3c). High resolution TEM images (Figure 6-3d) showed lattice 
fringes corresponding to the (210) d-spacings (3.5 A). From figure 6-3d we can 
sec that the lattice fringes traverse over the whole image, implying that the central 
hollow area was covered by the BaSO4 crystal lattice. This indicates that the 
image corresponds to a spherical hollow particle and not a toroidal structure. 
Thus, the results indicate that the particles (ca. 10 nm) synthesized by using two 
functionalised surfactants-Ba(AOT)2 and (CTA)2S04-wcrc hollow crystalline 




Figure 6-3. (a) TEM image of aggregated BaSO4 nanoshclls prepared in the 
presence of two functionalized surfactants (CTA)2SO4 (4 mM in H20) and 
Ba(AOT)2 (4 mM in isooctane). The sample was taken from middle layer. Scale 
bar = 50 nm. (b) energy-dispersive X-ray analysis (EDXA) spectrum recorded 
from (a) area, (c) selected (a) area electron diffraction (SAED) pattcrn and (d) 












Figure 6-4. TEM images of BaSO4 particles. Samples were taken from bottom 
layer of solution prepared in the presence of two functionalized surfactants 
(CTA)2SO4 (4 mM in H2O) and Ba(AOT)2 (4 mM in isooctane). Scale bars = 200 
rim. 
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6.3.3 Investigation of the conditions for the synthesis of nanoshells 
6.3.3.1 Influence of functionalised surfactants 
If only one functionalised surfactant was used to synthesize barium sulphate 
nanoparticles under the same conditions as section 6.3.1, particles of different 
shape and size were produced. For example, if 5 ml of unfunctionalizcd 
surfactant NaAOT isooctane solution (20 mM) was added to 10 ml of 
functionalised surfactant (CTA)2S04 aqueous solution (10 mM) (AOT/CTA -1: 
2) with stirring, and then 0.1 ml of BaC12 (500 mM) aqueous solution was added 
to the mixture of surfactants (Ba2+/SO42- =I: 2), BaSO4 nanoscalc spherical 
hollow particles could not be found in any of the three layers. Instead, spherical 
nanoparticles with 3.7 ± 0.4 nm in diameter were produced (Figure 6-5a) in the 
middle milky layer between organic and inorganic phases. Energy-dispersive X- 
ray analysis (EDXA) (Figure 6-5b) and selected area electron diffraction (SAED) 
pattern (Figure 6-5c) showed that the nanoparticics were crystalline barium 
sulphate. No particles could be observed by TEM in the top turbid layer in which 
catanionic surfactant AOT-CTA should be contained. 
CII3 OO ý-O 
N± C1I3'b-S 
CH3 0 NO 
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Figure 6-5. (a) TEM image of BaSO4 spherical nanoparticles prepared 
in the 
presence of unfunetionalized surfactant NaAOT (20 mM in isooctane) and 
functionalised surfactant (CTA)2SO4 (10 mM in H20), scale bar = 20 nm; 
(b) 
energy-dispersive X-ray analysis (EDXA) spectrum recorded from (a) area; 
(c) 
selected (a) area electron diffraction (SAED) pattern and (d) distribution of 
the 
diameter of nanoparticles. 
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Rectangular BaSO4 particles with irregular sizc (80 - 200 nm) were observed in 
the white precipitate extracted from inorganic bottom layer (Figurc 6.6). 
However, if 5 ml of functionalised surfactant Ba(AOT)I isooctane solution (10 
mM) was mixed with 10 ml of unfunctionalized surfactant CTABr aqucous 
solution (20 mM) containing 0.2 ml of Na2SO4 aqueous solution (500 mM) with 
stirring (AOT/CTA =1: 2, and Bat+/SO42' =1: 2), after standing at room 
temperature without stirring for 24 hours, three layers were observed. TEM 
images corresponding to the top organic layer of milky solution and the middle 
layer of thick milky liquid showed cubic nanoparticles (Figure 6-7a and 6-8) with 
very narrow size distribution (7.5 ± 0.6 nm in size) (Figure 6-7b) packed into 
small domain superlattices with -2 nm spaces between the particles, that is typical 
for an interdigitated bilayer of surfactant AOT molecules. (161 Intcrcstingly, there 
was a 2.4 1 0.2 nm (Figure 6-7c) diameter hole in the middle of some of the 
nanoparticles (about 20%) (Figure 6-7a). Selected area electron diffraction 
(SAED) patterns showed d"spacing of 3.45 A, 2.86 A 2.63 A and 2.09 A (Figure 
6-7a insert) and EDXA showed the presence of Ba (4.4,4.8,5.1 kcV) and S (2.3, 
2.6 keV) (Figure 6-7d), implying that the nanocubcs consisted of crystalline 
BaSO4. TEM images corresponding to the bottom layer of turbid aqueous 
solutions showed 50 - 500 nm particles of irregular shape, as well as many ring 
shaped particles, 50 - 200 nm in internal diameter and 200 - 500 nm in external 
diameter (Figure 6-9a, b). Energy-dispersive X-ray analysis (EDXA) indicated the 
presence of Ba (4.4,4.8,5.1 KeV), S (2.3,2.6 KeV) and Br (1.5,11.9,12.2 KeV). 
However, electron diffraction result showed single crystal pattern of BaSO4 
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Figure 6-6. TEM image of BaSO4 particles prepared in the presence of 
functionalised surfactant (CTA)2SO4 (10 mM in 1i, 0) and unfunctionalised 
surfactant NaAOT (20 mM in isooctane). Sample was taken from precipitate. 
Scale bar = 100 nm. 
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Figure 6-7. (a) TEM of BaSO4 cubic hollow nanoparticles prepared in the 
presence of funetionalised surfactant Ba(AOT)2 (10 mM in isooctane) and 
unfunctionalized surfactant CTAB (20 mM in H2O) and selected area electron 
diffraction (SAED) pattern (insert), scale bar - 50 nm; (b) distribution of cube 
side and (c) the hole diameter; (d) energy-dispersive X-ray analysis (EDXA) 
spectrum recorded from (a) area. 
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Figure 6-8. Enlarged TEM image of figure 6-7a. Scale bar = 20 tim. 
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(Figure 6-9d), indicating that the large ring structure particles were crystalline 
barite. The Br signal observed by EDXA was from CTAE3r. 
Finally, if 10 ml of unfunctionalized surfactant CTAIIr aqucous solution (10 mM) 
containing 0.2 ml of 500 mM Na2S04 was mixed with 5 ml of unfunctionalizcd 
surfactant NaAOT isooctane solution (10 mM) and then 0.1 ml of 500 mM IIaC12 
was added to the mixture, only rectangular BaSO4 particles with irregular size can 
be observed (Figure 6-10). 
6.3.3.2 Concentration of two surfactants in the synthesis of nanosheiis 
Three groups of 20 experiments have been performed to investigate the influence 
of the concentrations of two surfactants on the synthesis of BaSO4 spherical 
hollow nanoparticles (nanoshells). For all three groups of experiments, the molar 
ratio of two surfactants was constant at Ba(AOT)2/(CTA)2SO4 =1: 2. In the first 
group, the concentrations of two surfactants were equal in each single experiment 













Figure 6-9. (a) TEM image of ring-like particles obtained in the water phase in 
the presence of functionalised surfactant Ba(AOT)2 (10 mM in isooctane) and 
unfunctionalized surfactant CTAB (20 mM in H2O) scale bar = 500 nm, and (h) 
high resolution image, scale bar = 20 nm; (c) energy-dispersive X-ray analysis 
(EDXA) spectrum recorded from (a) area. 
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Figure 6-10. TEM image of BaSO4 particles prepared in the presence of two 
unfunctionalised surfactants CTAB (10 mM in H20) and NaAOT (10 mM in isooctane). 
Scale bar = 100 nm. 
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Table 6-2 Group 1 experiments 
Ba(AOT)2 (CTA)2S04 
No. Volume in isooctane o umc 1n 2 
(m1) (mM) (ml) (mM) 
1 5 0.2 10 0.2 
2 5 0.6 10 0.6 
3 5 1 10 1 
4 5 2 10 2 
5 5 4 10 4 
6 5 10 10 10 
7 5 20 10 20 
8 5 50 10 50 
9 5 80 10 80 
10 5 100 10 100 
C= concentration, the molar ratio of IIa(AOT)2/(CTA)2SO4 -1: 2 
TEM results showed that no nanoshells were observed in experiments numbers I 
and 2 (C = 0.2 and 0.6 mM, which were below the critical micelle concentration 
of (CTA)2SO4). BaS04*nanoshells were obtained in the experiments number 3- 
6 (C =I- 10 mM) (Figure 6-1a); the same BaSO4 nanoshclls were still obtained 
in the experiments 7-8 (C = 20 - 50 mM) but the size of the nanoshclls was not 
as regular as that from the experiments 3-6; and quite a lot of bigger particles 
with multiholes appeared (Figure 6-11). When the concentration was ovcr 50 
mM, nanoshells could not be observed (experiments 9- 10); only big particles 
with multiholes were obtained in the top milky layer (Figure 6-12). The results of 
this group of experiments indicated that the ideal concentration of both surfactants 
for synthesis of BaSO4 nanoshclls was I- 10 mM at the molar ratio of 
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Figure 6-11. TEM image of irregular hollow particles obtained by using high 
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Figure 6-12. TEM image of BaSO4 particles prepared in the presence of a high 
concentration of functionalised surfactants (CTA)2SO4 (100 mM in 1120) and 
Ba(AOT)2 (100 MM in isooctane). Sample was taken from the top layer. Scale 
bar = 100 nm. 
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In the second group of experiments, the concentration of one surfactant I3a(AOT)2 
was kept at 4 mM in isooctane and the other one (CTA)2SO4 was varied in a range 
of 1- 100 mM in water (Table 6-3). The volume ratios of oil to water were 
greater than 1 (except No. 1). The results indicated that nanoshclis can be 
obtained at concentrations of [(CTA)2S04] '*I - 50 mM when the concentration 
of Ba(AOT)2 was a constant (4 mM) and at Ba(AOT)2/(CTA)2SO4 -I: 2. 
Similar to the first group experiments, at the concentration of [(CTA)2SO4J = 20 - 
50 mM, the nanoshells were not as regular as that at concentrations of 1- 10 mM, 
indicating that the concentration of (CTA)2SO4 and the volume of water phase 
have not affected the synthesis of BaSO4 nanoshells very much in the range of 1- 
50 mM. The most important factor for synthesis of nanoshclls is the 
concentration of (CTA)2S04 in water which must be higher than the critical 
micelle concentration of 0.6 mM. 1291 
Table 6-3 Group 2 experiments 
Ba(AOT)2 (CTA)2SO4 
No. Volume C (in isooctane) Volume C (in H20) Volume ratio 
(ml) (mM) (ml) (mM) of oil to water 
1 5 4 40 1 1: 8 
2 5 4 4 10 1.25: 1 
3 5 4 2 20 2.5: 1 
4 10 4 1.6 50 6.25: 1 
5 10 4 0.8 100 12.5: 1 
C= concentration, the molar ratio of IIa(AOT)2/(CTA)2SO4 -1: 2. 
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The third group of experiments were designed to be similar to the second group, 
but in this case the concentration of (CTA)2S04 was kept at 4 mM in water and 
the concentration of Ba(AOT)2 was varied in a range of I- 100 mM in isooctanc 
(Table 6-4), and the volume ratio of oil to water was less than I (cxccpt No. 1). 
The results differed from that of the second group. TEM images showed that a 
very low yield of BaSO4 nanoshells were observed in the top and middle layers at 
low concentrations of Ba(AOT)2 (experiment number 1, C=1 mM) due to the 
large volume of solvent was used to keep the molar ratio of 
Ba(AOT)2/(CTA)2SO4 =1: 2. Only two layers (milky organic layer and turbid 
inorganic layer) were observed for the experiments 2 to 5. A high yield, and 
aggregated rather than individual BaS04 nanoshells, was obtained from the 
organic phase of experiment 2; a very high yield and irregular hollow 
nanoparticles were observed in the organic phase of experiment 3 (Figure 6-13); 
and no nanoshells or hollow particles were observed in experiments 4-5 at all. 
The results of this group indicated that the volume of organic phase was an 
important factor. In experiments I and 2, we used ideal concentration of 1 and 10 
mM of Ba(AOT)2 but different volumes, and the results were totally different 
from that of the first group, suggesting that the nanoshclls were extracted into the 
organic phase after formation and a small volume of the organic phase did not 
have sufficient capacity for a stable dispersion of nanoshclls so that the shells 
aggregated. 
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Figure 6-13. TEM image of BaS04 hollow particles obtained by using small 
volume of organic phase. 
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Table 6-4 Group 3 experiments 
Ba(AOT)2 (CTA)2S04 
No. Volume C (in isooctane Volume C (in 1120) Volume ratio 
(ml) (mM) (ml) (mM) of oil to watcr 
1 10 1 5 4 2: 1 
2 1 10 5 4 1: 5 
3 1 20 10 4 1: 10 
4 0.8 50 20 4 1: 25 
5 0.4 100 20 4 1: 50 
C= concentration, the molar ratio of Ba(AOT)2/(CTA)2SO4 =1: 2. 
All the results from the above three groups of experiments implied that both the 
concentration of Ba(AOT)2 and the volume of the organic phase were very 
important factors for synthesis of BaSO4 nanoshells. Small volumes of organic 
phase and high concentration of Ba(AOT)2 induce aggregation. The ideal 
concentrations of both surfactants for the synthesis of barium sulphate nanoshells 
were 1-10 mM. 
6.3.3.3 Molar ratio of two surfactants Ba(AOT)=/(CTA)2SO4 
Four experiments were performed at molar ratios of Ba(AOT)2/(CTA)2SO4 from 
1: 1 to 1: 4, with concentrations of 10 mM for both surfactants. The results showed 
that same nanoshells (as 1: 2) could be synthesized from the molar ratios of 1: 1 to 
1: 4. However, when the molar ratio of Ba(AOT)2/(CTA)2SO4 Z2 (= 2- 6), only 
irregular shaped particles could be observed. According to the above 
investigations, the nanoshells could be obtained when the molar ratio of two 
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surfactants Ba(AOT)2/(CTA)2SO4 5 1. Because the nanoshclls were extracted 
into the organic phase, they are likely to be coated by surfactants (AOT) adsorbed 
with their polar heads on the BaSO4 surface. Therefore, the concentration of 
Ba(AOT)2 and the volume of the organic phase were the key control factors and 
(CTA)2S04 was less important so long as the concentration was over 0.6 mM. 
Presumably, provided the concentration of two surfactants is between I- 10 mM, 
the quantity of the (CTA)2SO4 seems to be not very important. The excess 
(CTA)2SO4 can stay in the water phase after reaction ((CTA)2SO4 is not soluble in 
isooctane) and so will not affect the formation of barium sulphate nanoshclls. 
However, the mechanism is not clear yet. 
6.3.4 Study of formative mechanism of nanoshells 
The results indicated that all the BaS04 nanoshells synthesised were solubiliscd 
preferentially in the isooctane organic phase (top and middle layers) rather than 
remain in the underlying aqueous phase, implying that BaSO4 nanoshclls behaved 
as hydrophobic particles. Bare barium sulphate surface itself is not expected to be 
hydrophobic on its own indicating that the nanoshells arc likely to be coated by 
surfactants adsorbed with their polar hcadgroups on the BaSO4 surface. 
According to the mechanism proposed in scheme 1 we assume that AOT 
molecules mainly form the hydrophobic coating of the nanoshclls (in a similar 
way as a long chain carboxylatc adsorbs onto barium sulphatc). 1441 To confirm 
this hypothesis we proceeded to selectively remove the external coating. The 
evolution of the system was followed by FTIR and TEM. 
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A polar solvent ethanol was added to the top laycr of clear oil containing the 
nanoshells to give a white precipitate. This is consistent with the presence of 
hydrophobic tails of AOT on the surface of BaSO4 nanoshclls that will aggrcgatc 
in the polar solvents. After centrifugation, the precipitate was washed gently with 
ethanol to remove free AOT molecules, air-dried and analysed by FTIR and TEM 
(Figure 6-14a, b). The FTIR spectrum showed the existence of BaSO4 with the 
two bands associated to the low symmetry sulphate degenerated in two doublets: 
608,639 and 1080,1108 cm-' [421 in good agreement with the pure BaS04 
spectrum, (Figure 6-14i). Furthermore, the ester group carbonyl (v(c. O), 1734 
cm-) of AOT (compare with the pure Ba(AOT)2 spectrum Figure 6-14g) and the 
alkyl bands (2848,2918,2958 cm 1), from the alkyl chains of both AOT and CTA 
were observed. The strongest band in the spectrum was at 1208 cm's which is an 
overlap of the v(c(o)oo) from AOT and v(so) bands from both sulphate and 
sulphonate moieties. 
The nanoshells precipitated by ethanol as above were gently treated with 1% 
H2SO4 aqueous solution, to displace adsorbed AOT from the BaSO4 external 
surface by protonation of the sulphonate hcadgroup. TEM imagcs still showcd 
nanoshells but the surface shape was not as regular as before (Figure 6-14d). The 
corresponding FTIR spectrum still indicated the existence of I3aS04 and alkyl 
bands but the v(co) band was absent (Figure 6-14c), and a net intensity dccrcasc 
of the band near 1200 cm'' was observed, suggesting that AOT had been removed 
from the surface (Scheme 6-3). 
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Figure 6-14: (a) and (b) FTIR spectrum and TEM image of BaSO4 nanoshclls 
precipitated by ethanol. (c) and (d) FTIR spectrum and TEM image of BaSO4 nanoshells 
after washing with 1% H2SO4 aqueous solution. (e) and (t) FTIR spectrum and 
TFM 
image of BaSO4 nanoshells after washing with 1% H2SO4 aqueous solution and 
then 
washing by ethanol and water with sonication. (g) FTIR spectrum of 
Ba(AOT)2. (h) 
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Scheme 6-3. Sketch of the process of removal of AOT molecules from the 
surface of BaSO4 nanoshells. 
The sample after removal of AOT from the surface was thoroughly washed with 
ethanol and then sonicated in water for two minutes using an ultrasonic 
disintegrator. TEM images showed that the morphology of nanoshclls had been 
drastically altered into rectangular BaSO4 particles with occasional holes inside 
the particles. The size of the rectangular particles (15 30 nm) was much bigger 
then that of the initial nanoshells (Figure 6-14f). The corresponding l"TtR 
spectrum indicated the existence of BaSO4 (Figure 6-14e) with only trace 










Scheme 6-4. Sketch of the transformation process of' E3aSO., nanoshells to 
rectangular particles. a) naked BaSO4 nanoshell. b) fragments of nanoshells. c) 
rectangular BaSO4 nanoparticles (the scale should be larger than that of a) and 
b)). 
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6.4 General discussion and conclusion 
6.4.1 Formation model 
The experiments describe a model for the formation of BaSO4 nanoshclls by using 
two discrete assemblies of functionalised surfactants. (CTA)2SO4 formed normal 
micelles in water (Scheme 6-5), and the average diameter was 3.3 nm measured 
by dynamic light scattering (DLS) for the concentrations of 4 mM to 20 mM 
(Figure 6-15). Ba(AOT)2 formed reverse micelles in isooctane (Scheme 6-5). 
When two phases were mixed under stirring, the sulphate anions surrounding the 
spherical (CTA)2SO4 micelles were brought in close contact with the barium 
cations located on the inside of Ba(AOT)2 reverse micelles resulting in the 
formation of BaSO4 crystals surround the CTA micelics. AOT head groups 
adsorbed on the surface of BaSO4 crystals and restricted the development of the 
crystals (Scheme 6-5). Therefore spherical hollow nanoparticics were generated. 
Due to AOT hydrophobic tails coating the surface of the nanoshclls, they behaved 
as hydrophobic particles, and the internal diameter of the nanoshclls was just 
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This work shows that the inorganic salt formed by mixing two functionaliscd 
micellar surfactants of opposite charge and curvature allows control of the growth 
of an onion-like (organic-inorganic-organic) material via asymmetric interfacial 
delivery. The external and internal diameters of BaS04 nanoshcIls wcrc 9.6 ± 1.5 
nm and 3.4 ± 0.3 nm, respectively. The internal diameter of the nanoshells could 
be determined by the size of CTA micelles, which is easy to understand. 
However, what is the driving force controlling the external size? One possibility 
might relate to the water content of AOT reverse microcmulsions. When 
(CTA)2SO4 micelles in the water phase were mixed with Ba(AOT)2 rcvcrsc 
micelles in isooctane phase under stirring (Scheme 6a and b), two kinds of 
micelles were brought in close proximity at the interface (Scheme 6-6c). In this 
case, Ba2+ and S042- ions might contact as shown in scheme Gd and result in a 
rearrangement of AOT aggregates. This will generate a new AOT microcmulsion 
containing the CTA micelles, nuclei seeds of BaSO4 and water inside with the 
maximum w value (Scheme 6-6e). The new AOT microcmulsion will be 
extracted into the organic phase and behave like a normal AOT reverse 
microemulsion undergoing collision and ion exchange to generate BaSO4 hollow 

























6.4.2 Functionalization of surfactants 
All the results in this chapter implied that BaSO4 nanoscalc spherical hollow 
particles could be only achieved by using two functionalised surfactants 
(CAT)2SO4 and Ba(AOT)2. The nanoshells will not form cithcr by using one 
functionalised surfactant and one unfunctionalised surfactant, or by using two 
unfunctionalised surfactants. When Ba(AOT)2 is mixed with (CTA)IS04, 
however, the formation of BaSO4 crystals inhibits the contact bctwccn the AOT 
and CTA headgroups, so a catanionic surfactant AOT-CTA cannot form. The 
BaSO4 crystals can then form between these two surfactants to gcncratc the 
hollow particles. 
However, if one functionalised surfactant Ba(AOT)2 and one unfunctionalizcd 
surfactant CTABr were employed, cubic nanoparticics were obtained and about 
20% of nanocubes were hollow. In this case, the S042- anions did not associate 
with the CTA micelles; the process of the formation of particles should then be 
different from that using two functionaliscd surfactants. Basically, the cubic 
particles should not be associated with CTA micclics, but the miccllcs might 
occasionally be buried inside the particles to form a hollow cube. 
6.4.3 Concentrations and volume ratios of oil to water 
The formation of nanoshells was dependent on the concentration of both 
surfactants and the volume ratio of oil to water. Whcn the conccntration of 
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(CTA)2S04 was lower than 1 mM ( close to the reported value critical miccllc 
concentration of 0.6 mM1291), the nanoshells could not be synthcsiscd. The ideal 
concentrations of both surfactants were between l to 10 mM at a volume ratio of 
oil to water z 1: 1. 
The volume of organic phase is very important for synthesis of nanoshc ls, 
because the nanoshells were extracted into the organic phase aflcr formation, and 
a small volume of the organic phase did not have sufficient capacity for a stable 
dispersion of nanoshells so that the shells aggregated. 
214 
6.5 References 
[1] Arriagada, F. J., Osseo-Asare, K., J. Colloid Interface Sci., 211,210 
(1999). 
[2] Arriagada, F. J., Osseo-Asare, K., J. Colloid Interface Sci., 170,8 (1995). 
[3] Taleb, A., Petit, C., Pileni, M. P., Chem. Mater., 9,950 (1997). 
[4] Petit, C., Lixon, P., Pileni, M. P., J. Phys. Chem., 97,12974 (1993). 
[5] Taleb, A., Petit, C., Pileni, M. P., J. Phys. Chem. B, 102,2214 (1998). 
[6] Lisiecki, I., Pileni, M. P., J. Phys. Chem., 99,5077 (1995). 
[7] Tanori, J., Pileni, M. P., Adv. Mater., 7,862 (1995). 
[8] Pileni, M. P., Gulik-Krzywicki, T., Tanori, J., Filankembo, A., Dedieu, 
J. C., Langmuir, 14,7359 (1998). 
[9] Tanori, J., Pileni, M. P., Langmuir, 13,639 (1997). 
[10] Pileni, M. P., Tanori, J., Filankembo, A., Colloid and Surfaces A, 123-124, 
561 (1997). 
[11] Haram, S. K., Mahadeshwar, A. R., Dixit, S. G., J. Phys. Chem., 100,5868 
(1996). 
[12] Petit, C., Pileni, M. P., J. Phys. Chem., 92,2282 (1988). 
[13] Motte, L., Billoudet, F., Lacaze, E., Pileni, M. P., Adv. Mater., 8,1018 
(1996). 
[14] Motte, L., Billoudet, F., Pileni, M. P., J. Phys. Chem., 99,16425 (1995). 
[15] Motte, L., Billoudet, F., Lacaze, E., Douin, J., Pileni, M. P., J. Phys. Chem. 
B, 101,138 (1997). 
215 
[16] Li, M., Schnablegger, H., Mann, S., Nature, 402,393 (1999). 
[17] Hopwood, J., Mann, S., Chem. Mater., 9,1819 (1997). 
[18] Petit, C., Taleb, A., Pileni, M. P., Adv. Mater., 10,259(1998). 
[19] Bagwe, R. P., Khilar, K. C., Langmuir, 13,6432 (1997). 
[20] Levy, L., Hochepied, J. F., Pileni, M. P., J. Phys. Clicm., 100,18322 
(1996). 
[21] Cizeron, J., Pileni, M. P., J. Phys. Chem., 99,17410 (1995). 
[22] Ahmadi, T. S., Wang, Z. L., Henglein, A., Ei-Sayed, M. A., Chcm. Maler., 
8,1161 (1996). 
[23] Ahmadi, T. S., Wang, Z. L., Green, T. C., Henglein, A., Ei-Saycd, M. A.. 
Science, 272,1924, (1996). 
[24] Badia, A., Gao, W., Singh, S., Demers, L., Cuccia, L., Rcvcn, L., 
Langmuir, 12,1262 (1996). 
[25] Linden M., Blanchard J., Schacht S., Schunk S. A., Schucth R. Chem. 
Mater., 11,3002 (1999). 
[26] Lisiecki, I., Björling, M., Motte, L. Ninham, B., Pileni, M. P., Langinuir, 
11,2385 (1995). 
[27] Jeunieau, L., Nagy, J. B., Colloids and Surfaces A, 151,419 (1999). 
[28] Khan K., Marques E., In Specialist Surfactants Editcd by Robb ID, 
Blackie Academic and Professional, London, 1997. 
[29] Sepulveda, L., Cortes, J. J. Phys. Chent., 89,5322 (1985) 
[30] Kawahasji, N., Matijevic, E., J. Colloid Intcrface Sci., 143,103 (1991). 
[311 Chang, S. Y., Lui, L., Asher, S. A., J. Am. Chem. Soc., 116,6745 (1994). 
216 
[32] Walsh, D., Mann, S., Nature, 377,320 (1995). 
[33] Giersig, M., Liz-Marzan, L. M., Ung, T., Su, D., Mulvancy, P., Bcr. 
Bunsenges. Phys. Chem., 101,1617 (1997). 
[34] Correa-Duarte, M. A., Giersig, M., Liz-Marzan, L. M., Chem. Phys. Lett., 
286,497 (1998). ) 
[35] Calvo, P., Vilajato, J. L., Alonso, M. J., J. Pharma. Sci., 85,530 (1996). 
[36] Fritz, H., Maier, M., Bayer, E., J. Colloid Interface Sci., 195,272-288, 
(1997). 
[37] Zhong, Z., Yin, Y., Gates, B., Xia, Y., Adv. Mater., 12,206 (2000). 
[38] Hongu T., Phillips G. O., In New Fibres, Ellis Honvood ltd, Chichcstcr 
(1990) 
[39] Lissi, E. A., Abuin, E. B., Sepulveda, L., Quina, F. If., J. Phys. Chem., 88, 
81 (1984). 
[40] Broxton, T. J., Sango, X., Wright, S., Can. J. Chem., 66,1566 (1988). 
[41] Hori T., Sugiyama M., Himeno S., Chem. Lett., 1017 (1987). 
[42] Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination 
Compounds, P Ed, John Wiley and Sons, Inc. Chichester (1978). 
[43] Veith, H. J., Organic Mass Spectrometry, 11,629 (1976) 




Organic-inorganic thin films formed by self- 
assembly of surfactant AOT on the solid surface 
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7.1 Introduction 
The supermolecular assembly of surfactant and polymer molecules at a solid- 
liquid interface can produce hierarchical structuresthl, inorganic thin rilmst21 and 
tubular structures 13'4] These nanostructured films hold much promise for 
applications such as their use as orientated nanotubulest5l, sensor/actuator 
arrays 16'7 , and optoelectronic devices181. The driving forces of molecular seif- 
assembly in the supermolecular chemistry of the nanoscopic world include 
various weak physicochemical intermolecular interactions, e. g. van der Waals 
forces, hydrogen bonding, hydrophobic interactions, electrostatic forces, ctc. 
Recent research has focused on the use of functionalizcd organic surfaces to form 
continuous inorganic thin films, based on a two-step mechanism. Firstly, 
surfactant micellar structures are self-assembled at the solid-liquid interface, and 
secondly, inorganic precursors condense to form an inorganic-organic 
nanocomposite. The structures of thin films formcd at the solid-liquid interface 
depend on the properties of surfactants and substrates, and the interactions 
between surfactants and substrates. The use of a hydrophilic surfacc of mica, 
hydrophobic surface of graphite and amorphous silica substrates result in different 
self-assembly patterns with cetyltrimethylammonium chloride (CTAC) 
surfactantt21. 
This work showed, as the very first stage, inorganic organic thin films fornicd at a 
substrate surface by self-assembly of the surfactant molecule (AOT) in 
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combination with the inorganic compound uranyl acctatc [UO2(CII3000)2]. 
Typically, AOT isooctane solutions were deposited on the surface of carbon films 
based on Formvar-coated copper TEM grids. Afler rapid solvent evaporation, 
dissipative structures formed as regular patterns on the substrate surface. Uranyl 
acetate was then deposited on the surface of the AOT thin film to generate a U02- 
AOT inorganic-organic thin film on the carbon substrate. 
Application of a univalent compound surfactant (NaAOT) and a divalcnt 
compound surfactant (Ba(AOT)2) to generate the thin films on the carbon 
substrates resulted in different patterns. Addition of divalent anions (SO42- or 
Cr042-) or trivalent anions (P043-) to the solution of surfactants produced different 
patterns of thin films. However, the molecular organization and scif-assembly of 
surfactants at interfaces is a widely researched area. Our work is just beginning to 
involve this area and further studies need to be carried out. For example, the 
interaction between surfactants and substrates, how to control the pattcm and the 
thickness of the thin film, need to be investigated. 
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7.2 Materials and Methods 
7.2.1 Materials 
All materials were of analytical grade (purity >98%) and used without further 
purification. 
Table 7-1 Chemicals used in this chapter 
Common Chemical name Formula Molecular Supplier 
name weight 
NaAOT sodium bis(2-ethylhexyl) C20H37O4SO3Na 444.6 BDii 
sulphosuccinate 
isooctane 2,2,4-trimethyl pentane C8H18 114.0 Aldrich 
uranyl acetate U02(C2H302)2,388.15 AGAR 




sodium sulphate Na2SO4 142.0 Aldrich 
sodium phosphate Na3PO4 164.0 Aldrich 
phosphotungstic acid H3PW12040 2880.2 AGAR 
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7.2.2 Experimental methods 
7.2.2.1 Preparation of microscopic patterns 
A drop (5 µl) of surfactant solution (0.1 M NaAOT in isooctanc, or 0.05 M 
Ba(AOT)2 in isooctane, or the mixture of both) was deposited onto the surface of 
carbon films which was based on the Formvar-coated copper electron microscope 
grid, and exposed in air until evaporation of solvent was complete and a thin film 
of AOT was obtained. The grid was then placed on a filter paper and a very small 
amount (2 µl) of 1% (w/v) uranyl acetate (U02(C2H302)2) aqueous solution was 
dropped on the grid. Due to the presence of the filter paper, water was quickly 
removed. 
7.2.2.2 Transmission Electron Microscopy (TEM) 
Samples for Transmission Electron Microscopy (TEM) were prepared as in 
section 7.2.2.1, and TEM analysis was performed in bright field mods using either 
a JEOL 2000FX high - resolution electron microscopy operating at 200kcV or a 
JEOL 1200EX electron microscopy operating at 120kcV (section 2.3.1). 
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7.3 Results 
7.3.1 The patterns of NaAOT-UO22+ thin film 
TEM images corresponding to NaAOT (0.1 M in isooctane) and U02(CEI3000)2 
thin films fixed on a substrate (carbon) surface after solvent evaporation (section 
7.2.2.1) showed stripe patterns with discontinuous lines and a regular interline 
distance of 60 - 150 nm (Figure 7-1). Interestingly, an cnlargcd image showcd 
that the stripe patterns consist of small lines (30 - 40 nm in length, -2 nm in 
width) perpendicular to the stripe direction, and the small lines were separated by 
a regular space of -2 nm. Furthermore, there were indistinct wavc pattcrns 
between the stripe lines, and the small electron dense lines were positioned just on 
the wave crest and trough (Figure 7-2). 
73.2 The patterns of Ba(AOT)2-UO22+ thin film 
TEM images corresponding to Ba(AOT)2 (0.05 M in isooctanc) and 
U02(CH3COO)2 thin films prepared as in section 7.2.2.1 showed tyrc-shaped 
patterns 2-8 pm in external diameter and containing emanative lincs in the 
middle (Figure 7-3,4). The enlarged images corresponding to the middle part of 
the tyre-shaped pattern showed similar pattcrns to that of NaAOT- 
U02(CH3000)2 but the lines were not parallel (Figure 7-5a). 
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Figure 7-1: TEM images of NaAOT-UO224 organic-inorganic thin films formed 
on the surface of solid by self-assembly of surfactant showing the strips patterns 
Scale bars a= 200 nm, b= 100 nm. 
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Figure 7-2: Enlarged TEM image of NaAOT-UO22+ organic-inorganic thin film 
shows the stripe patterns and indistinct wave patterns between the stripe lines, 




Figure 7-3: TEM image of Ba(AOT)2-UO22{ shows tyre-shaped pattern 
containing emanative lines in the middle formed on the surface of the solid by 
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Figure 7-4: TEM image of Ba(AOT)2-UO22+ shows tyre-shaped patterns with 
emanative lines in the middle formed on the surface of solid by self assembly of 
surfactant. Scale bar =I µm. 
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Figure 7-5: Enlarged TEM images of middle part of Ba(AOi )2-UO., ' tyre- 
shaped patterns (a) shows emanative lines, scale bar = 100 nm. (h) stripe patterns 
and indistinct wave patterns cross the stripe lines. Scale bar =- 50 nm. 
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On further increase of the magnification, the images showed indistinct wave 
patterns and the small lines were the same as that of NaAOT- U02(CI13COO)2 
(section 7.3.1) (Figure 7-5b). 
7.3.3. The patterns of the mixture of NaAOT and Ba(AOT)2 In the presence 
of water 
A small amount of water was added to 0.1 M NaAOT isooctanc solution to obtain 
AOT microemulsion at w= 10 (H20/AOT). Ba(AOT)2 solution (0.05 M in 
isooctane, w< 1) was then added to the microemulsion to give NaAOT/IIa(AOT)2 
= 50: 1. Thin films of the above mixture were prepared as in section 7.2.2.1 and 
the TEM images showed stripe patterns within many small domains and the 
directions of the stripe patterns were different in cach domain (Figure 7.6). 
Enlarged, a single domain image showed the same stripe pattern as that of the 
pure NaAOT- U02(CH3COO)2 thin film (Figure 7-7). The tyrc-shapcd patterns of 
Ba(AOT)2 were not observed. 
7,3.4 Patterns of the mixture of NaAOT and Ba(AOT)j In the presence of 
salts 
7.3.4.1 Addition of divalent salt Na2SO4 
Addition of small amounts of Na2S04 aqucous solution (0.02 M) to NaAOT 
isooctane solution (0.1 M) produced Na2S04-containing AOT microcmulsions 
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Figure 7-6: TEM image of NaAOT-Ba(AOT)2-UO2"' organic-inorganic thin 
films formed on the surface of substrate by self-assembly of surfactant in the 
presence of a small amount of water. The result shows the stripe patterns within 
























Figure 7-7: Enlarged TEM image of NaAOT-Ba(AOT). -l 'it ). " 
'Og iflR 
inorganic thin films formed on the surface of substrate by self-assembly of 
surfactant in the presence of a small amount of water. Scale bar - 
100 nm. 
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at iv = 10.13a(AOT)2 isooctanc solution (0.05 M) was thcn addcd to the 
microemulsion to give a molar ratio ofNaAOT/I]a(AOT)2 -* 50: 1.71ic thin films 
of this mixture were prepared immediately as in section 7.2.2.1 afcr mixing all 
the solutions. TEM images showed several kinds ofpattcrns (Figure 7-8). 
7.3.4.2 Addition of divalent salt Na2CrO4 
Similar to section 7.3.4.1, a small amount of Na2CrO4 aqueous solution (0.02 h1) 
was added to NaAOT isooctane solution (0.1 NI) to produce a Na2CrO4- 
containing AOT microcmulsion at w- 10. i3a(AOT)2 isooctanc solution (0.05 M) 
was then added to the microcmulsion to givc the molar ratio of 
NaAOT/IIa(AOT)2 = 50: 1. Thin films of this mixturc wcrc prcparcd immcdiatcly 
as in scction 7.2.2.1 after mixing all the solutions. TEM imagcs showcd patterns 
similar to liquid crystals achicvcd by adding small quantitics of azobcnzcnc 
compounds to the chiral smcctic C phasc191(figure 7-9). 
7.3.4.3 Addition of trivalent salt Na3PO4 
Similar cxpcrimcnts as in scction 7.3.4.1 wcrc undcrtakcn with tnixturc of 
13a(AOT)2 (0.05 M in isooctanc, tits < 1) and NaAOT microcmulsion containing 
aqucous Na3PO4 (0.02 M) at w- 10 to givc final molar ratios NaAOT : E3a(AOT)2 
50: 1. TEM images corresponding to the thin films of the above mixture showed 
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Figure 7-8: 1'EM images of NaAOT-Ba(AOl ), -l. (); *' organic-inorganic thin 
films formed on the carbon substrate by self-assembly of surfactant 
in the 
presence of a small amount of Na2SO4. Scale bars = 500 nm. 
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Figure 7-9: TEM images of NaAO"i'-Ba(AOi )2-UO2"* organic-inorganic thin 
films formed on the surface of substrate by self-assembly of surfactant in the 
presence of a small amount of Na2CrO4. Scale bars ~= 200 nm. 
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Figure 7-10: TEM images of NaAOT-Ba(AOT)l-UO22 organic-inorganic thin 
films formed on the carbon substrate by self-assembly of surfactant in the 
presence of a small amount of Na%PO4. Scale bars - 500 nm. 
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7.3.5 Control experiments 
Thin films wert prepared in control experiments as in section 7.2.2.1 but without 
the uranyl acetate stain. TEM images showed no objects on the grid. Moreover. 
deposition of isooctanc (without any surfactants and salts) on the grid followed by 
staining with uranyl acctatc gavc no pattcrncd objccts whcn cxamincd by TEM. 
7.4 Discussions 
AOT-UO2 organic-inorganic thin films formed by sclfasscmbly of surfactants on 
the solid substrate surface involves two steps. Firstly, the organic solution of 
AOT (0.1 M in isooctanc) was dcpositcd onto the surface of carbon film. After 
evaporation of solvent, the phase behavior of the surfactant transfcrrcd from a 
rcvcrsc miccllc phasc to a liquid crystal phasc and intcractcd with the surfacc of 
solid substratc to form a dissipative structured organic thin film with regular 
pattcrns. The interline distanccs of the small lincs and the wavc lincs in Figure 7.2 
wcrc consistcnt with that of the AOT bilaycr lamclla, indicating that the wavc 
pattcms wcrc formcd by sclf asscmbly of AOT molcculcs (Schcnmc 7.1). 
Ilowcvcr, why did the pattcros form in a wavc shapc? This conccmcd the 
interaction of surfactants and the substrates. Further investigation needs to be 





Scheme 7-1 The skctch of the structure of A0T-0022' thin film. 
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The formation of organic thin films was affcctcd by the propcrtics of substratcs 
and surfactants, and the self assembly structures of surfactants. Diffcrcnt pattcrns 
were observed between NaAOT and IIa(AOT)2, implying that the influences wcre 
not just from the surfactant itsclf; the countcrions wcrc also important. 
Secondly, the inorganic compound UOI(CEi3000)2 was dcpositcd onto the AOT 
film alter drying to form organic-inorganic thin films on the substrate surface. 
U0224 cations bonded to negatively charged AOT hcadgroup to givc clcctron 
dense AOT-UO2 thin films with regular patterns. The formation of the stripe 
patterns was related to the drying process. One possibility is that the organic thin 
film already formed on the substrate surface with the patterns, and the inorganic 
compound U02(CH3000)2 just staincd the organic thin film without changing the 
patterns. In this case, the organic film acted as a substrate for the inorganic 
compound, the cvaporation of inorganic solution undcnvcnt a stick and slip 
movement of the receding front, which might be ascribable to the local bclation 
cffcct at the thrcc-phasc line (liquid-substratc-air boundary) where the 
conccntration is assumcd to be highcr than in the bulk solution. 11t Anothcr 
possibility is that whcn the inorganic solution was droppcd on the organic thin 
film, the surfactant was rcdissolvcd and rcactcd with the inorganic compound. 
The product (AOT-U02) Own intcractcd with the carbon substratc and undcrrrcnt 
the samc drying proccss to forum the rcgular patterns by surfactant sclf asscmbly. 
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The patterns of the organic-inorganic thin films were affcctcd by adding small 
amounts of inorganic salts to the surfactants. The mcchanism nccds to be furthcr 
investigated. 
This subject needs to be further developed. The understanding of the formation 
process could lead to innovative materials synthesis by using AOT as a template. 
239 
7.5 References 
[1). Maruyama, N., Karthaus, 0., Ijiro, K., Chimomura, NI., Koito, T., 
Nishimura, S., Sawadaishi, T., Nishi, N., Tokura. S., Supcrmotccular 
Science, 5,331 (1998). 
[2]. Aksay, I. A., Trau, M., Manne, S., Ilonma, I., Yno, N., Zhou, L., Fcntcr, P., 
Eisenberger, P. M., Gruner, S. M., Science, 273,892 (1996). 
[3]. Trau, M., Yao, N., Kim, C., Xia, Y., Whitcsidcs, G. M., Aksay, I. A., 
Nature, 390,674 (1997). 
[4]. Yang, Ii., Kuperman, A., Coombs, N., Mamichc"Afara, S., Ozin, G. A.. 
Nature, 379,703 (1996). 
[5). Li, W. Z., Xic, S. S., Qian, L. X., Chang, 13.11., Zou, U. S., Zhou, V. Y., 
Zhao, R. A., Wang, G., Science, 274,1701 (1996). 
[6]. Sakai, Ii., Baba, It, Hashimoto, K., Fujishima, A.. licllcr. A., J. Phys. 
Chan., 99,11896 (1996). 
[7]. Tamagawa, C. Y., Schillcr, P., Polla, D. L., Scnsocrs Actuators . f. 35,77 
(1992). 
[8]. Fcndlcr, J. 11., Chcm. Alatcr., 8,1616 (1996). 
[9]. Xu, Z. S., Lcmicux, R. P., Natansohn, A., Rochon, P., Shashidhar, It., 
Chem. Mater., 10.3269 (1998). 
240 
Chapter 8 
Organization Of Inorganic Nanoparticics Using 
Biotin-Streptavidin Connectors 
(Publishcd in Chcm. Afatcr., 11,23.26,1999) 
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8.1 Introduction 
Thcrc is increasing intcrcst in the synthcsis and organization of inorganic 
nanoparticlc matcrials by using biological and organic molcculcs. Initial studics 
have shown that complcmcntary strands of DNA molcculcs can be used to sclf 
assemble inorganic nanoparticlcs; 113 the highly specific recognition properties of 
antibodics and antigcns were also used to organizc inorganic nanoparticlcs; "3'41 
self-assembled bacterial S-layers wcrc used for the synthesis of cadmium sulphide 
supcrlatticcs; lsl and sclf-organizcd organic molcculcs wcrc uscd for linking 
inorganic nanoparticlcs. 16'121 Attcntion has bccn paid to the synthesis and 
asscmbly of new forms of inorganic mattcr organizcd at the nanomctrc and 
mcsoscopic length scalcs by using biological and organic molcculcs. Bccausc 
these nanoparticics have unusual structures and properties in chemistry and 
physics they may find application in catalysis. clcctro-optical dcviccs, 
scmiconductors, and the synthcsis of strong ccramics. On the othcr hand, the 
conncction of DNA and biological or organic molcculcs with inorganic 
nanoparticics may crcatc cxcclicnt organizcd structures with surprizing new 
propcrtics. In this chaptcr. we dcscribc an alternative biomimctic approach in 
which we use the high affinity binding of strcptavidin to biotinylatcd amino acid 
rcsiducs on the surfacc of the protcin, fcrritin, to gcncratc rcvcrsiblc nctworks of 
supcrparamagnctic iron oxidc nanoparticics. The use of the strcptavidin/biotin 
rccognition motif in gold nanocrystal aggrcgation was also rcportcd by Connclly 
and Fitzmauricc. U1Jl 
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Fcrritin is a spherical hollow protein shc11,7.8 nm in intcmal diantctcr (12.13 nrn 
in external diameter), which is composed of a quatcmary structure of 24 
polypeptide subunits (Mr about 500 000). The central cavity usually contains a 
ferric oxide core of structure similar to that of the mineral ferrihydritc 
(5Fc2Oj. 9H20). t141 Hydrophilic and hydrophobic channcls pcnctratc the shell and 
as a result, iron atoms can be rcmovcd from the cagc by rcductivc dissolution. 
Moreover, the mineral phase can be reconstituted with other inorganic material. 
This provides an attractive mcans by which inorganic nanoparticlcs can be 
synthesized with controllable sizes, as well as cxhibiting potential biocompatiblc 
properties. Indeed, inorganic nanoparticics, such as a fcrrimagnctic iron oxide 
magnctitc (Fc304)U51, iron(III) sulfidct16), mangancsc oxidctt71 and cadmium 
sulidctl8t have been synthcsizcd within the fcrritin cagcs in vitro by reconstitution 
of apofcrritin (fcrritin without fcrric oxidc corc). Tiic nanoscalc of thcsc particlcs 
cndows them with unusual structures and propcrtics in chemistry and physics that 
may find applications in many rcscarch arcas of currcnt intcrcst. 
The conncction of inorganic nanoparticics into two or thrcc dimcnsional arrays 
has rcccntly rcccivcd much attention. Organic moiccuics havc an unparallclcd 
ability for chemical specificity onto particular partners via molecular rccognition. 
In contrast, it is morc difficult to link condcnscd inorganic matcrials. lntcgration 
of thcsc two chcmical familics could crcatc organized structures with surprising 
new propcrtics. Ovcr the past fcw ycars, chcmists have bcgun initial studics in 
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this arca, whcrc DNA, protcins, antibodics and othcr biological or organic 
molecules arc used to help connect small inorganic particics to crcatc cxquisitcly 
organizcd structures with marvclous propcrtics, t191 
Here, we describe a route to organizing inorganic nanoparticlcs, in which 
biotinylatcd functionalizcd fcrritin is linkcd into nctwork structures by auxiliary 
protein molecules (strcptavidin). In rcccnt years the biotin/strcptavidin system 
has become a very commonly used affinity labeling systcm. It was also uscd for 
organization of `soft' composite material as a ligand-rcccptor. 1201 Strcptavidin is a 
tetrameric protein (molecular weight - 4x 15,000), and remarkable for its ability 
to bind up to four molcculcs of biotin with unusually high affinity of the non- 
covalcnt intcraction [dissociation constant Kj -- 10'15 MM1.1211 Comparison of the 
refined crystal structures of apo- and a strcptavidin/biotin complex shows that the 
high affinity results from scvcral factors, for cxamplc, the high affinity of tnultiplc 
hydrogcn bonds and van der IJ'aals intcractions bctwccn biotin and strcptavidin, 
together with the ordering of surface polypcptidc loops that bury the biotin in the 
strcptavidin intcrior. 
Nativc horse spleen fcrritin was modified with biotin (N-hydroxyrsuccinimidc 
cstcr, watcr solublc) via nucicophilic rcaction (SN2). Biotin can rcact with amino 
groups of proteins under mild basic conditions. The reaction route is illustrated in 
Scheme 8-1. The rcaction took placc spontancously undcr basic conditions at 
room tcmpcraturc. The product was biotinylatcd fcrritin. 
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After modification with biotin, the biological and physicochcmical propcrtics of 
ferritin were not changed significantly. ßiotinylatcd ferritin still has the property 
of storing an iron corc insidc the hollow shcll. Likcwisc. the biotin moicty of the 
derivatized molecule was still available for interaction with streptavidin. E3ccausc 
the interaction is so strong, that cvcn biotin coupled to large protcin molecules is 
available for binding strcptavidint22l and the association of strcptavidin and biotin 
is remarkably rapid and stable. t231 The general interaction reaction bctwccn 
biotinylated ferrtin and streptavidin is shown in Scheme 8-2. The cross-linking 
reaction took place spontaneously undcr mild basic condition at room 
temperature. However, the rate of cross-linking reaction and the dcgrcc of 
organization were affected by the ratio of biotinylatcd fcrritin to streptavidin as 
well as the concentration of both reactants. 
245 
M12 








ýýi ýI N 
0 
C 
N. o, 0 
fW -of 
Scheme 8-1: rcaction schcmc for biotinylatcd fcrritin. (a) native horse splccn 
fcrritin; (b) sulfosuccinimidyl-6-(biotinmaido)hcxanoatc; (c) biotinylation of 







Scheme 8-2: Controllcd aggrcgation of iron oxidc nanoparticics in biotinylatcd 
fcrritin by strcptavidin conncctors. (a) biotinylatcd fcrritin; (b) strcptavidin; (c) 
organized product. 
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8.2 Materials and Methods 
8.2.1 Materials 
All materials were of analytical grade (purity >98%) and used without further 
purification. 
Table 8-1 Chemical and biological materials used in this chapter 
Ferritin: Highly purified Equine spleen Fcrritin, M. W. 500,000, Iron 11.4% 
(by wcight protcin). (CALF3IOCIIENI) 
Biotin: Biotin (Long Arm) NIIS-watcr soluble (NIISws) 
Sulfosuccinimidyl"6"(Biotinamido) tlcxanoatc Sodium Salt 
Empirical formula C20!! 29N4NaOQS2i FAY: 556.57. 
(Vector Laboratories) 
Strcptavidin: Purity, homogcncous by SDS-PAGE; Pcrccnt activity, 98% bound 
to immobilized biotin. M. W 60,000 (Vcctor Laboratorics) 
HEPES: N-[2-Hydroxycthyl]pipcrazinc-N'-[2-cthancsulfonic acid] 
FW: 238.3, pKa=7.5 at 25 °C, uscful p11 range 6.8.8.2 (SIGMA) 
HAIA 4-hydroxyazobcnzcnc-2'-carboxylic acid, FW: 242.2 (SIGMA) 
K112P04 FW: 136.1 (SIGMA) 
Na2IIPO4 FW: 142.0 (SIGMA) 
SDS sodium dodccylsulphatc, C12111S04SNa, FW: 288.4 (Aldrich) 
Tris tris(hydroxymcthyl)aminomcthanc, FW: 157.6 (SIGMA) 
Glyccrol C311803, FW: 92.09 (SIGMA) 
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TEMED N, N, N', N'-tetramethylethylenediamine, CGH 16N2, FW: 116.2 
(SIGMA) 
APS ammonium persulphate, (NH4)2S208, FW: 228.2 (SIGMA) 
Methanol CH3OH, FW: 32 (SIGMA) 
Mercaptoethanol HSCH2CH2OH, FW: 78.13 (Aldrich) 
bromophenol blue 3', 3", 5', 5"-Tetrabromophenolsulfoncphthalcin, sodium 
salt, C19H9Br4O5SNa, FW: 691.9 (SIGMA) 
Brilliant blue R Coomassie brilliant blue R250, FW: 826.0 (SIGMA) 
glacial acetic acid CH3COOH, FW: 60.0 (SIGMA) 
uranyl acetate U02(C2H302)2, FW: 388.15 (AGAR) 
Bicinchoninic Acid 4,4'-Dicarboxy-2,2'-biquindine Disodium salt, 
C20H1oN2O4Na2, FW: 388.3 (SIGMA) 
Protein Assay Kit: SIGMA procedure No. TPRO-562 
Acrylamide/bisacrylamide 30% solution, 37.5: 1 ratio (SIGMA) 
8.2.2 Methods 
8.2.2.1 Biotinylation of the ferritin 
In a typical reaction, 40 µ1 of aqueous biotin (sodium sulfosuccinimidyl-6- 
biotinamido hexanoate, 25 mg/ml, C20H29N4NaO9S2,44.9 mM, ) was added at 
room temperature to 5 ml of a horse spleen ferritin solution (4 µM, 2 mg/ml), 
buffered at pH 8.5 (100 mM HEPES [N-(2-hydroxyethyl)piperazine-N'-(2- 
ethanesulfonic acid)]). The reaction solution was occasionally stirred over a 
period of 4 hours at room temperature, and then dialyzed against 2L of HEPES 
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buffer (100 mM, pH 8.5) at 4 °C for 24 hours to remove the unrcactcd reagent and 
small molecule reaction products. The concentration of yellow transparcnt 
biotinylated ferritin solutions was determined by use of a l3icinchoninic Acid 
Protein Assay Kit (section 8.2.2.2). Approximately 60 to 70 lysine residues were 
accessible to surface biotinylation (section 8.2.2.3) (argininc residues were not 
coupled under the reaction conditions used). 
8.2.2.2 Protein assay 
After biotinylation, the concentration of biotinylated ferritin was determined by 
use of a Bicinchoninic Acid Protein Assay Kit (SIGMA procedure No. TPRO- 
562). 
The protein reduces alkaline Cu(II) to Cu (I) in a concentration dependent 
manner. Bicinchoninic acid is a highly specific chromogenic reagent for Cu(I) 
forming a purple complex with an absorbance maximum at 562 nm. Because of 
this property, bicinchoninic acid can be substituted for the Folin"Ciocaltcu reagent 
for the determination of protein, as the resultant absorbance at 562 nm is directly 
proportional to the protein concentration. 
The assay procedure was as follows: 
1 Freshly prepare the required amount of protein determination reagent by 
adding I part Cu(II) sulfate pentahydratc 4% (w/v) solution to 50 parts 
bicinchoninic acid solution (containing bicinchoninic acid, sodium carbonatc, 
sodium tartrate and sodium bicarbonate in 0.1 N NaOH, phi = 11.25). 
2 Prepare assay solution as in table 8.2 
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3 Incubate the assay solutions at 37 °C for 30 minutes. 
4 Cool to room temperature and determine the absorbance at 562 nm by using a 
PERKIN ELMER Lambda II UV-vis spectrometer. 
5 Make a standard curve with number 1-6 in table 8.2 and calculate the 
concentration of biotinylated ferritin with number 7 -- 10 in table 8.2. 
Table 8.2 Assay set-up table (All in ml) 






1 0.10 0 - 2.0 
2 0.08 0.02 - 2.0 
3 0.06 0.04 - 2.0 
4 0.04 0.06 - 2.0 
5 0.02 0.08 - 2.0 
6 0 0.10 - 2.0 
7 0.10 - 0 2.0 
8 0.08 - 0.02 2.0 
9 0.08 - 0.02 2.0 
10 0.08 - 0.02 2.0 
Protein standard solution was 1.0 mg/ml bovine serum albumin in 0.15 M NaCl 
with 0.05% sodium azide as a preservative and was supplicd in the kit. 
8.2.2.3 Spectrophotometric determination of biotin on the surface of fcrritinI241 
Since avidin combines stoichiometrically with biotin, it is possible to use any 
physicochemical difference between avidin and the avidin-biotin complex as the 
basis of an assay method for either component. This method is based on the use 
of the dye 4-hydroxyazobenzene-2'-carboxylic acid (HABA), which binds only to 
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avidin and can therefore be used as an indicator for unoccupied binding sites. 
HABA is not bound by the avidin-biotin complex, and since the dissociation of 
the latter is so low (10"1s. M) the dye is stoichiometrically displaced by biotin. 
0.2 ml of streptavidin (1 mg/ml) was mixed with 0.025 nil of IJABA (10 mM) in 
phosphate buffer at pH = 6.9, measured by UV/vis at 500 nm to give an 
absorbance A,. 10 µl of unknown biotinylatcd ferritin (v, ml) was then added to 
the mixture above and the absorbance was again measured to give A2. The 
concentration of the total biotin in the added volume of biotinylatcd ferritin was 




(v + 1) 
mm 
The number of biotin molecules on the surface of each ferritin can be obtained by 
calculating the moles of biotin to ferritin. 
8.2.2.4 Organization of the biotinylated ferritin using streptavidin 
Molecular cross-linking of the biotinylated ferritin was carried out at room 
temperature by addition of streptavidin (167 µM, 1.0 mg in 0.1 ml of 10 mM 
phosphate/0.15 M NaC1 buffer, pH 7.5) to solutions of biotinylatcd fcrritin. The 
mole ratio of biotinylated ferritin : streptavidin was varied between values of 1: 2 
and l: 12. 
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8.2.2.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
The reagents were prepared as follows: 
Table 8-3 Separating gel (7.5% Acrylamide) 
Chemicals Volume Final concentration 
acrylamide (30%, w/v)/ 
bisacrylamide (0.8%, w/v) 7.50 ml 7.5 % 
3M Tris (pH 8.8) 3.75 ml 0.375 M 
deionized water 18.45 ml 
degassed for 10 mins-------- --------------------- 
SDS (10%, w/v) 0.30 ml 0.1 % 
TEMED 15 µl 0.1 % 
APS (10%, w/v) 150 µl 0.05 % 
Table 8-4 Stacking gel (3% acrylamide) 
Chemicals Volume Final concentration 
Acrylamide (30%, w/v)/ 
bisacrylamide(O. 8%, w/v) 2.0 ml 3% 
3M Tris (pH 6.8) 5.0 ml 0.125 M 
10% (w/v) SDS 0.2 ml 0.1 % 
deionized water 12.8 ml 
TEMED 20 µl 0.1 % 
APS (10%, w/v) 100 µl 0.05 % 
Table 8.5 2xSample buffer 
Chemicals Quantity Final Concentration 
Mercaptoethanol 2.5 ml 10% 
SDS Ig 4% 
Tris (pH 6.8) 6.25 ml (0.5M) 0.125 M 
Glycerol 5 ml 20% 
bromophenol blue 1 mg 0.004% 
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Make up to final volume of 25 ml with distilled water. 
Table 8.6 Running buffer 
Chemicals Amount 
Tris 6g 
Glycine 29 g 
SDS Ig 
Make up to final volume of 1000 ml with distilled water. 
Table 8-7 Coomassie blue stain solution 
Chemicals Amount 
Coomassie blue 0.5g 
Water 530 ml 
Methanol 400 ml 
Acetic acid 70 ml 
Table 8-8 Destain solution 
Chemicals volume 
water 800 ml 
methanol 100 ml 
Acetic acid 100 ml 
7.5 % separating gel and 3% stacking gel were used for analysis of the proteins 
(ferritin, biotinylated ferritin streptavidin and the aggregation products) according 
to the method of Laemmli (1970)(251. The gels were poured between two clean 
grease-free glass plates separated by a plastic slate to give a gel width of 
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approximately 0.75 mm. After pouring the separating gel, water was layered on 
top of the separating gel to give it a flat face on which to cast the stacking gel. 
Formation of an interface between the separating gel and the water indicated that 
the gel had set. The water was removed. The stacking gel was poured on top of 
resolving gel and the comb was inserted. After the gel had set, the comb was 
removed. 
The gel was placed in an electrophoresis chamber filled with 1x running buffer. 
Unheated samples (1-10 µg protein in 20µl sample buffer) were loaded and ran at 
120V for about 4 hours, with conventional cathode to anode polarity, until the 
tracking near the bottom of the resolving gel. The gcl was then removed and 
stained with staining solution for 30 min followed by a destaining reagent until 
the backgroud was clear. The gel was dried with Biometra gel drier at 50 °C for 1 
hour. 
Cathode - 
Stacking gel pH 6.8 
Resolving gel pH 8.8 
Anode + 
Scheme 8-3: Sketch of the gel. 
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8.2.2.6 Turbidity measurement 
The change in turbidity (t) of solutions containing various mole ratios of 
biotinylated ferritin and streptavidin was determined by monitoring the optical 
transmission (T= 
j) 
at 600 nm with time, using a Perkin Elmer Lambda II UV- 
0 
vis spectrometer equipped with Perkin Elmer UV Winlab (Version 1.1) computer 
software (section 2.3.10). The turbidity was calculated from: 
In(T) 
I 
where 1 is the cell length equal to 1.0 cm. 
8.2.2.7 Electron microscopy 
Samples for transmission electron microscopy (TEM) were takcn directly from 
the solutions of native horse spleen ferritin, biotinylated fcrritin or organized 
ferritin, and air dried onto Formvar-Coated, carbon-rcinforccd, copper cictron 
microscope grids. The grids were then washed with water to remove salt crystals. 
TEM analysis was performed in bright-field mode using either a JEOL 1200EX 
electron microscope operating at 120 keV or a JEOL 2000FX high-resolution 
electron microscope operating at 200 keV (section 2.3.1). Some samples were 
negatively stained with a 1% (w/w) solution of uranyl acctatc. 
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8.3 Results and discussions 
8.3.1 Description of organized nanoparticles within the ferritin 
Biotinylated derivatives of horse spleen ferritin synthesized according to standard 
procedures (section 8.2.2.1) gave transparent yellow solutions similar to native 
horse spleen ferritin. TEM images corresponding to biotinylatcd fcrritin (Figure 
8-1) were also similar to those recorded for native ferritin solutions prepared with 
the same protein at a similar concentration (Figure 8.2), which showed discrete 
electron dense iron oxide cores within the intact polypcptide shells (Figre8-1b) 
with occasional small aggregates due to the air drying procedure. Additions of 
streptavidin to the solution of biotinylated ferritin to give biotinylated fcrritin : 
streptavidin mole ratios of 1: 6 produced turbid suspensions, and ycllow"brown 
macroscopic precipitates with clear colorless supernatants within a few hours. 
TEM images corresponding to the precipitate showed that the strcptavidin- 
biotinylated-ferritin conjugates were extensively aggregated across the TEM grid 
(Figure 8-3a). The supramolecular aggregates were highly disordered and 
superlattice arrays with periodic order were not observed. Negative staining of 
the extended structures showed that the constituent iron oxide cores were 
surrounded by an intact polypeptidc shell (Figure 8-3b), implying that the 
nanoparticle networks originate from specific intermolecular interactions between 
streptavidin and the surface biotinylated ligands of the modified shell of fcrritin. 
TEM images corresponding to the supernatant showed no objects on the grid. 
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Figure 8-1: (a) TEM image of biotinylated ferritin showing discrete electron 
dense iron oxide cores, scale bar = 20 nm. (b) uranyl acetate negative stained 
TEM image of biotinylated ferritin showing individual protein shells with the iron 
oxide cores inside, scale bar = 20 nm. 
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Figure 8-2: (a) TEM image of native ferritin showing discrete electron dense 
iron oxide cores, scale bar = 20 nm. (b) uranyl acetate negative stained TEM 
image of native ferritin showing individual protein shells with the iron oxide cores 
inside, scale bar = 20 nm. 
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Figure 8-3: TEM images of aggregated network of 
iron oxide nanoparticlcs 
formed by addition of streptavidin to biotinylated 
ferritin. (a) unstained iniagc 
showed disordered aggregation of nanoparticles without 
physical touching, (h) 
uranyl acetate negative stained TEM 
image of aggregated network showing that 
the aggregation occurs between the protein shells, not 
the cores. Biotinylated 
ferritin : streptavidin molar ratio = 1: 6 in both cases. 
Scale bars = 20 nm. 
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In contrast, a biotin-free control reaction, in which nativc fcrritin was mixcd with 
streptavidin in a mole ratio of 1: 6, remained clear and gave no suspension and 
bulk precipitate in several days. TEM images of the control sample (native fcrritin 
+ streptavidin) were similar to those recorded for native ferritin or biotinylatcd 
ferritin solutions prepared with the same protein similar concentrations. 
The strength and specificity of the interactions between strcptavidin and 
biotinylated ferritin was confirmed by SDS-polyacrylamidc gcl clcctrophoresis 
(SDS-PAGE). The control sample lane showed well-separated discrete bands of 
streptavidin and native ferritin (Figure 8-4, lane 4), consistent with a non- 
interacting system, the precipitated biotinylated ferritin/strcptavidin material 
showed no bands for the constituent proteins (Figure 84, lane 5). Instead, a 
broad band was present in the stacking gel at the top of the lane, which 
corresponded to a conjugated material with significantly increased molecular 
weight. Although the intermolecular cross-linking was sufficiently strong to 
withstand deaggregation under the relatively harsh conditions used for SDS" 
PAGE, the intermolecular cross-liking could be deaggregated by adding excess 
free biotin. The reversibility of the aggregation process was demonstrated by 
adding a 20-fold excess (with respect to strcpavidin) of free biotin to the turbid 
suspensions of the conjugated materials. The solutions turned clear yellow 
immediately and no suspension or precipitate were obscrvcd after scvcral days. 
TEM images showed that protein"cncapsulatcd iron oxide nanoparticics were 
dispersed back to their original non-associated state as shown in Figure 8-5. 
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Figure 8-4: Coomassie blue stained SDS-PAGF. profiles: Lanes (1) protein 
markers, (2) native ferritin. (3) streptavidin, (4) control (native f rritin + 
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Figure 8-5: (a) TEM image of control experiment (addition of streptav-idiuu to 
native ferritin) showing discrete electron dense iron oxide cores of nonaggregated 
protein molecules. Scale bar = 20 nm. (h) uranyl acetate negative stained '1'EM 
image of control experiment showing individual protein shells with the iron oxide 
cores inside and the streptavidin molecules (arrow), scale bar = 20 nm. 
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8.3.2 The effect of the concentration and the molar ratio of biotinylated 
ferritin to streptavidin on the aggregation 
The formation of the supermolecular aggregates was studied by changes in 
turbidity. In general, the curves were characterized by an increase in turbidity to a 
threshold value within the first 10 to 15 minutes after mixing, followed by a 
discontinuous decrease due to macroscopic precipitation over periods of several 
hours. The first stage in this process represents the formation of supramolccular 
aggregates of colloidal dimensions whereas the second stage is associated with 
larger extended structures that sediment under gravity. Measurements for a scrics 
of samples at a constant molar ratio of 1: 6, showed that the rate of formation and 
degree of colloidal aggregation increased with higher concentrations of 
biotinylated ferritin and streptavidin present in the solutions (Figure 8-6). Similar 
turbidity measurements at different ratios (1: 2 - 1: 12) of biotinylatcd fcrritin to 
streptavidin at a constant fcrritin concentration of 0.8 µM indicatcd that the rate of 
the formation of the cross-linking reaction and cxtcnt of aggrcgation of the 
organized conjugate were dependent on the ratio of biotinylatcd fcrritin to 
streptavidin. The greatest reaction rate was observed at a mole ratio of 1: 6 (figure 
8-7c), and the turbidity curve reached the threshold value within 10 minutes. 
Meanwhile, a cloudy suspension of the conjugate appeared in the reaction 
mixture, and a yellow-brown bulk precipitate was observed after a fcw hours. 
Simultaneously, the supernatant turned colorless and transparent, indicating that 














Figure 8-6: Change in turbidity at 600 nm (tom) with time aller addition of 
strcptavidin (SA) to biotinylatcd fcrritin (BFn) at a constant mole ratio of 6: I 
respectively. (a) control, 4.8 pM SA + 0.8 µM native fcrritin; (b) control, 0.8 
µM BFn; (c) 2.4µM SA + 0.4 µM BFn; (d) 3.6 ttM SA + 0.6 µM BFn; (c) 4.8 
pM SA + 0.8 µM BFn. 
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Thus the biotinylated ferritin molecules wert almost completely organized by 
streptavidin cross-linking into the extended network of the bulk precipitate, which 
was conformed by TEM (section 8.3.1). However, at the molar ratio of 1: 4 the 
turbidity was remarkably lower than that of 1: 6 (Figures 8-7c), the precipitate was 
dramatically less and the supernatant remained pale yellow and transparent after a 
few hours, indicating that the biotinylatcd fcrritins were not compictcly 
interconnected. Increasing the concentration of strcptavidin to a molar ratio of 
biotinylated ferritin to streptavidin of 1: 8 resulted in a turbidity curve that was 
below that at 1: 6 and which took 60 minutes to reach the threshold value (Figure 
8-7d). Although the amount of precipitate was similar to that of 1: 6 after a few 
hours a slight pale yellow supernatant was observed, indicating that the rate of 
cross-linking reaction was lower than that of 1: 6 but the degree of organization 
was similar to that of 1: 6. Further incrcasing the strcpavidin conccntration to a 
molar ratio of 1: 12, resulted in no turbidity change (Figure 8-7b) and no 
precipitate as for 1: 2 (Figure 8-7a). In contrast, the control experiments, which 
was the mixture of native ferritin and streptavidin or pure biotinylatcd fcrritin, 
showed no changes in turbidity over periods of several days (Figure 8-6a, b). In 
summary, the rates of formation of ligand-induccd cross-linking and the dcgrcc of 
associated aggregation were increased with the molar ratio of biotinylatcd fcrritin 
to streptavidin from 1: 2 to 1: 6, and decreased from 1: 6 to 1: 12 at a constant 
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Figure 8-7. Change in -turbidity at 600 nm (tom) with time after the addition of 
different amounts of streptavidin (SA) to 0.8 µM solutions of biotinylated fcrritin 
(BFn; ca. 72 biotin ligands per molecule) to give fcrritin to streptavidin mole 
ratios of (a) 1: 2, (b) 1: 12 , (c) 1: 4 (d) 1: 8, (e) 1: 6. 
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8.4 General discussion S 
The results indicate that the rates and extent of formation of biotin-induccd 
streptavidin cross-linking of ferritin moiccuics wcrc dcpcndcnt on the 
concentrations and stoichiometry of the components of the aggregated system. 
The turbidity curve for a1: 6 mixture of the biotinylatcd fcrritin and strcptavidin 
clearly indicates the formation of supramolccular aggregates and extended 
structures. However, at ferritin to streptavidin mole ratios less than I: 4, the 
turbidity curve showed a very low concentration of aggregation products, since 
there is insufficient streptavidin in the system to induct the formation of cxtcndcd 
networks of protein-encapsulated inorganic nanoparticics. The rate of aggregation 
was particularly enhanced for a six-fold molar excess of strcptavidin. 
Interestingly, further increases in the streptavidin concentration resultcd in 
progressive decreases in aggregation. Thus, although the degree of bulk 
precipitation observed after several hours for mixtures with a mole ratio of i: 8 
was similar to that at a ratio 1: 6, the rate of aggregation within the first 30 
minutes was significantly reduced at the higher ratio. Increasing the biotinylatcd 
ferritin to strcptavidin mole ratio to 1: 12 gave changes in turbidity that were less 
pronounced than those recorded for samples prepared with the much lowcr ratio 
of I: 4. In general, the propagation of such arrays will dcpcnd not only on the 
conccntration of strcptavidin, but the distribution and numbcr of both frcc and 
streptavidin"bound biotinylatcd ligands on the surface of individual fcrritin 
molecules in solution. As the number of biotinylatcd groups (72 per fcrrtin 
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molecule) was significantly larger than the number of added strcptavidin 
molecules, an excess of unbound ligands was always present in the experiments 
studied. Thus the effective factor for cross-linking interactions should relate to the 
number of ferrtin and streptavidin molecules, not the number of biotin molecules. 
However, relatively large amounts of surface-bound streptavidin could stcrically 
block the remaining (uncoupled) ligands from participating in bridging 
interactions with other streptavidin-ferritin complexes. This appears to be the cast 
at a mole ratio of 1: 12, where streptavidin"coated fcrritin molecules remain 
dispersed in solution. Moreover, the results suggest that there is an optimum 
stoichiometry (1 : 6) at which the biotinylated ferritin molecules bind sufficient 
numbers of streptavidin molecules without seriously compromising the cross- 
linking interactions. This must represent a balance between primary and 
secondary coupling of the biotinylated moieties to the binding sites of strcptavidin 
and streptavid in- ferri tin complexes, respectively. It seems possible that these 
interactions could become cooperative rather than competitive under certain 
conditions. Whether this process is structurally determined, for example by the 
high (cubic) symmetry of the ferritin 24"mer, or arises from the minimization of 
steric and electrostatic forces between streptavidin molecules attached to the 
ferritin surface, is not currently known. 
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8.5 Conclusions 
We have shown that the well-known specific binding of strcptavidin to biotin can 
be exploited in the reversible assembly of disordered networks of inorganic 
nanoparticles. Ferritin is an attractive candidate for this approach because the 
polypeptide shell can be readily derivatized with approximately 70 biotinylatcd 
ligands that are available to interact with streptavidin to form a network of 
intermolecular crosslinks. In addition, the 8 nm internal cavity of apofcrritin can 
be reconstituted with a variety of non-native inorganic cores, such as 
magnetite, llsl iron sulfide, 116) manganese oxides(17) and cadmium sulfide! 181 which 
have particle sizes determined by the metal-ion loadings used in the synthesis 
procedure. Thus, it should be possible to generate nanoparticic networks 
consisting of other inorganic components with controllable size and composition 
by development of this ligand-induced cross-linking approach. IIccausc 
encapsulation of the inorganic phase within the protein cage restricts the scale of 
particle-particle interactions, and prevents direct physical contact and particle 
fusion and growth within the organized phase, fcrritin"bascd arrays could have 
important applications in magnetic storage and nano-electronic devices. 
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The work in this thesis shows that the morphology of nanoparticlcs (C3aCrO4, 
BaSO4) prepared in AOT reverse microemulsions (w = 10) can be controlled by 
chemical stoichiometry. At the chemical equivalence of two reactants located 
inside different AOT micelles or microemulsions (the molar ratio of 
[Ba2+]: [Cr042 ] or [Ba2+]: [S042-] 1), prismatic nanocrystals (-16 nm in Icngth) 
were produced. For an excess of anionic reactants (1 : 4.6: 5 [Ba 2+] : [CrO42"] SI 
: 2.7 or [Ba2+]: [SO42"] ,1: 5) spherical nanoparticles (- 10-11 nm in diameter) 
were formed, whereas for an excess of cationic reactants (the molar ratio of 2.7 :I 
_< [Ba2''] : [Cr042-] 5 5.5 :1 or 1.4: 15 [Ba2+]: [SO42'] S 5.5 : 1) nanofilamcnts (20 
µm in length) were obtained. The filamentous structures were specifically formed 
when the [Ba2+] : [S042"] molar ratio was greater than 1. Under these conditions, 
there is an excess of barium in the reaction system and the primary BaSO4 
nanoparticles are positively charged. This results in a strong clcctrostatic 
interaction with the anionic AOT surfactant headgroups to producc the surfactant- 
nanoparticle aggregates that are the key intermediates for f lament formation. A 
morphological evolution from nucleation, reconstruction and hydrophobic 
aggregation of intcrfilaments was followed. 
The different nanoparticle morphologies were obtained from the same 
microemulsion system, which contains a mixture of sodium sulfate (or sodium 
chromate) containing NaAOT (0.1 M in isooctanc, iv a 10) microcmulsion 
droplets and Ba(AOT)2 (0.05 M in isooctanc, w< 1) micelles. The NaAOT 
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microemulsion droplets are spheres with -2.2 nm radius and the ßa(AOT)i 
micelles are also spheres with -0.9 nm radius. The morphology of the 
nanoparticles is related to the molar ratio of the two reactants inside the miccllcs 
and microemulsion droplets with all other parameters constant. Clearly, there is 
no relationship between nanoparticle morphology and microcmulsion shape under 
the conditions investigated. 
Comparing the final size of the particles shows there is no direct link with the size 
of the microemulsion droplets in which they formed. Under certain conditions the 
crystalline particles that form are significantly larger than the microcmulsion 
droplets. However, the sizes of the nanoparticles (barium chromate, barium 
sulfate and Prussian blue) increased with increasing of microcmulsion droplet 
size, implying that the size of the nanoparticles synthesized in the microcmulsion 
was associated with the number of reactant ions per droplet, local concentration 
and the exchange rate etc. 
Self assembly of nanoparticles into superlatticcs may spontaneously occur in 
solution when the particles are in specific shapes and arc coated with surfactant 
hydrophobic tails. The particle shape is a very important factor in the self- 
assembly of nanoparticlcs into superlatticcs. In the same AOT microcmulsion 
system, prismatic BaSO4 and BaCrO4 nanoparticles can spontaneously sclf- 
assemble into linear array structures in solution and subsequently into two- 
dimensional superlattice structures. Since there is a large surface area between the 
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particles, AOT lamellar structures form by hydrophobic interactions. In contract, 
spherical nanoparticles cannot self-assemble in the solution. Moreover, the cubic 
shaped Prussian blue nanoparticles transform readily into long-range square 
superlattices on drying on the TEM grids. 
The well-known specific binding of streptavidin to biotin can also be used to 
organize inorganic nanoparticles into disordered networks. Cross-linking the iron 
storage protein ferritin, which has been functionalizcd with biotin, with 
streptavidin produces aggregates of iron nanoparticles. It should be possible to 
generate nanoparticle networks consisting of other inorganic components (such as 
magnetite, iron sulfide, manganese oxides and cadmium sulfide) with controllable 
size and composition by development of our ligand-induced cross-linking 
approach. 
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